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DYNAMIC  SHEAR  STRENGTH  OF  REINFORCED  CONCRETE  BEAMS  -  PART  II 


Technical  Report  R-502 
Y-F008-08-02-110,  DASA-13.018 
by 

Richard  H.  Seabold 


ABSTRACT 

A  series  of  reinforced  concrete  beams  was  tested  to  study  shear  and  diagonal  tension  in 
beams  under  dynamic  load.  The  tests  constitute  the  second  phase  of  a  continuing  program  to 
determine  criteria  for  the  minimum  amount  of  web  reinforcement  required  for  developing  the 
ultimate  flexural  resistance  of  beams,  and  to  determine  the  difference  between  these  criteria 
for  static  and  dynamic  loading. 

The  primary  objectives  of  this  Part  II  series  of  tests  were  (1)  to  determine  the  minimum 
amount  of  web  reinforcement  necessary  to  force  flexural  failures;  (2)  to  confirm,  under 
uniformly  distributed  loads,  a  formula  for  shear  resistance  recommended  by  a  joint  committee 
of  the  American  Concrete  Institute  (ACI)  and  the  American  Society  of  Civil  Engineers  (ASCE), 
which  is  based  on  the  analysis  of  data  from  tests  with  concentrated  loads;  (3)  to  confirm  the 
coefficients  suggested  in  Part  I  of  this  program  for  the  dynamic  increase  in  shearing  strength; 
and  (4)  to  study  the  influence  of  stirrup  arrangement  and  type  of  loading  on  the  location  of  the 
critical  diagonal  tension  crack. 

Fifteen  beams  were  tested,  eight  loaded  dynamically  and  seven  statically.  Each  beam 
was  simply  supported  and  all  loads  were  uniformly  distributed.  Twelve  beams  contained  web 
reinforcement  in  the  region  of  the  critical  section,  and  three  had  none  there.  Major  variables 
were  type  of  loading  (static  and  dynamic),  magnitude  of  dynamic  load,  and  stirrup  spacing. 

P  was  found  that  the  shear  strength  of  reinforced  concrete  beams  is  greater  under 
dynamic  load  than  under  static  load,  and  that  a  formula  for  designing  simply  supported  beams 
subjected  to  concentrated  static  loads  recommended  by  the  joint  ACI-ASCE  committee  could  be 
modified  for  designing  simply  supported  beams  subjected  to  uniformly  distributed  dynamic 
loads. 

Design  recommendations  are  given  (1)  for  determining  the  maximum  applied  dynamic 
shearing  force,  (2)  for  determining  the  location  of  the  critical  section  where  cracking  and 
yielding  occur  in  shear,  and  (3)  for  determining  the  usable  ultimate  shear  strength. 
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INTRODUCTION 


Objectives  of  the  Program 

In  order  to  meet  the  Navy  requirement  for  development  of  design  criteria  for 
protective  construction,  there  is  a  need  for  knowledge  of  the  resistance  and  behavior  in  shear 
of  reinforced  concrete  beams  under  dynamic  load.  Although  many  investigators  have  studied 
the  static  shear  resistance  of  beams,  this  continuing  program  being  conducted  by  the  Naval 
Civil  Engineering  Laboratory  (NCEL)  is  the  first  known  effort  to  study  the  dynamic  shear 
resistance.  The  objectives  of  the  program  are  to  determine  criteria  for  the  minimum  amount 
of  web  reinforcement  required  for  developing  the  ultimate  flexural  resistance  of  beams  and  to 
determine  the  difference  between  these  criteria  for  static  and  dynamic  loading. 

Previous  Work 


NCEL  Technical  Report  R-395,  Dynamic  Shear  Strength  of  Reinforced  Concrete  Beams  - 
Part  I1  covers  the  first  phase  of  the  program.  The  work  reported  in  Part  I  consisted  of  a 
literature  search,  a  theoretical  study,  and  the  testing  of  nine  reinforced  concrete  beams. 

The  literature  search  did  not  yield  any  information  regarding  dynamic  shear  resistance. 
It  did  yield  information  regarding  static  shear  resistance,  much  of  which  is  summarized  by 
the  report  of  the  ACI-ASCE  Joint  Committee  326,  "Shear  and  Diagonal  Tension."2  The 
following  equations,  the  first  empirical  and  the  second  semi-empirical,  were  selected  by 
Committee  326  as  the  basis  for  design  criteria  for  statically  loaded  beams: 


^  =  1.9  Vy  »  2.500  p(f.)  5  3-5VV 
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shearing  strength  at  critical  section  contributed  by  concrete 

usable  ultimate  shearing  strength  at  critical  section 

total  shear  resistance  at  critical  section  contributed  by  concrete 

usable  total  shear  resistance  at  critical  section 

width  of  beam 

effective  depth  of  beam 

compressive  strength  of  concrete  at  28  days 

shearing  strength  at  critical  section  contributed  by  web  reinforcement 
(sin  a  +  cos  o)  sin  o 

angle  of  inclination  of  web  reinforcement 

ratio  of  cross-sectional  areas  of  longitudinal  tension  steel 
and  effective  concrete 

ratio  of  shear  to  moment  at  critical  section 

static  yield  strength  of  steel 


Equation  1  is  intended  for  designing  beams  without  web  reinforcement  in  the  critical 
section  and  is  based  on  the  following  concepts  and  observations:  (1)  Diagonal  tension  is  a 
combined  stress  involving  horizontal  tensile  stress  due  to  bending  as  well  as  shearing  stress. 
(2)  Since  failure  due  to  shear  can  occur  with  the  formation  of  the  critical  diagonal  crack  if 
redistribution  of  internal  forces  is  not  accomplished  in  design,  the  load  causing  the  formation 
of  the  critical  diagonal  tension  crack  is  generally  considered  as  the  ultimate  load-carrying 
capacity  of  a  reinforced  concrete  member  without  web  reinforcement.  (3)  Distribution  of 
shear  and  flexural  stress  over  a  cross  section  of  reinforced  concrete  is  not  known. 

Committee  326  studied  the  data  from  more  than  440  beam  tests  and  concluded  that  the  three 
significant  parameters  are  percentage  of  longitudinal  reinforcement,  p,  the  dimensionless 
quantity,  H^Vd,  and  the  quality  of  the  concrete,  fc\  The  empirical  equation  was  obtained  by 
fitting  the  parameters  to  the  data  from  194  tests  on  beams  with  simple  supports  and 
concentrated  loads.  At  a  later  time,  data  from  other  tests  with  different  conditions  of  loading 
and  restraint  correlated  well  with  values  computed  using  the  equation. 

Equation  2  is  intended  for  designing  beams  with  web  reinforcement  at  the  critical 
section,  and  is  based  on  the  following  concepts  and  observations:  (1)  Failure  can  occur  in 
diagonal  tension  upon  diagonal  cracking,  in  shear-compression  upon  yielding  of  the  web 
reinforcement,  or  in  compression  prior  to  yielding  of  the  web  reinforcement;  shear- 
compression  is  the  most  common  mode  of  failure  in  normally  proportioned  beams.  (2)  The 
ultimate  shearing  capacity  is  the  sum  of  the  shearing  capacity  at  diagonal  cracking  plus  a 
contribution  from  the  web  reinforcement  at  the  point  where  yielding  of  the  web  reinforcement 
occurs.  (3)  The  concept  of  truss  analogy  can  be  used  to  analyze  the  stress  in  the  web 
reinforcement.  The  semi-empirical  equation  was  obtained  by  summing  the  empirical  terms 
for  the  cracking  resistance  and  the  rational  truss  analogy  term  for  the  contribution  from  web 
reinforcement.  From  the  above  concepts  and  observations,  Keenan 1  concludes  that  the 
effective  amount  of  web  reinforcement  required  to  produce  a  flexural  failure  is  a  function  of 
the  difference  between  the  shears  corresponding  to  the  ultimate  flexural  resistance  and  the 
diagonal  tension  cracking  resistance.  Tests  on  beams  with  web  reinforcement  to  support 
Equation  2  were  limited  both  in  number  and  scope/ 

A  rigorous  modal  analysis  of  a  simply  supported  beam  under  a  uniformly  distributed 
dynamic  load  is  given  in  Appendix  G  of  Reference  1,  with  selected  data  plotted.  Constant 
mass  and  stiffness  with  respect  to  position  along  the  span,  a  linear  decaying  load  with  respect 
to  time,  and  zero  rise  time  were  assumed.  Damping  was  considered.  Equations  were 
derived  for  the  deflection,  moment,  and  shear  along  the  span;  the  maximum  dynamic  shear 
factor  at  the  supports;  ar.d  the  shear-moment  ratio  along  the  span.  Plots  of  computed  data 
indicated  that  the  shear  distribution  and  shear- moment  ratio  along  the  span  for  dynamic 
loading  did  not  vary  widely  from  those  for  static  loading.  Therefore,  it  seemed  logical  that 
for  design  criteria,  Equations  1  and  2  can  be  modified  to  Include  the  effects  of  dynamic 
loading.  The  shearing  stresses  at  the  critical  section  corresponding  to  diagonal  tension 
cracking  and  yielding  of  the  web  steel  may  be  expressed  as 


vc  =  Ci(1>9>/V) +  2’500  pd(lf)  ci(3*5  Vv)  <3) 

%  ■  c*K)  * ».  sci(iovv)  (4) 


where  Cj  is  a  coefficient  for  the  dynamic  increase  in  concrete  tensile  strength  and  C2  is 
a  coefficient  for  the  dynamic  increase  in  web  steel  tensile  strength.  For  static  loading, 

Cl  =  c2  =  1. 
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Nine  beams  were  tested  by  Keenan,1  three  loaded  statically  and  six  dynamically.  Each 
beam  was  simply  supported  at  its  ends,  all  loads  were  uniformly  distributed,  and  all  web 
reinforcement  consisted  of  vertical  stirrups  made  from  No.  2  deformed  reinforcing  bars. 

Four  of  the  dynamically  loaded  beams  did  not  fail  under  the  first  loading.  These  were 
subjected  to  repeated  loading  until  failure  occurred.  The  following  conclusions  were  made 
by  Keenan  from  the  results  of  the  tests: 

(1)  The  maximum  dynamic  shear  at  the  supports  was  greater  than  the  shear  produced 
by  the  same  peak  load  applied  statically  and  increased  with  peak  load  and  load  duration.  U 
the  tension  steel  did  not  yield  at  midspan,  the  maximum  shear  occurred  when  the  midspan 
deflection  first  reached  a  maximum  value.  If  the  tension  steel  did  yield  at  midspan,  the 
maximum  shear  occurred  at  that  yielding.  (2)  Under  both  static  and  dynamic  loading,  the 
web  reinforcement  was  effective  only  after  the  formation  of  the  critical  diagonal  crack.  When 
the  crack  formed  there  was  a  pronounced  increase  in  the  magnitude  and  rate  of  straining  in 
stirrups  located  near  the  crack.  (3)  There  was  no  apparent  change  in  the  location  of  the 
critical  diagonal  crack  under  dynamic  load;  the  variation  in  crack  location  was  about  the  same 
for  static  and  dynamic  loads.  (4)  Yielding  of  the  stirrups  did  not  trigger  collapse  of  the  beam. 
In  general,  the  first  stirrup  to  yield  was  located  a  distance  from  the  support  equal  to  about 
one-tenth  the  span  length.  (5)  The  strain  rates  in  the  stirrups  crossed  by  the  critical 
diagonal  crack  were  greater  than  the  strain  rates  in  the  longitudinal  tension  steel  at  midspan. 
(6)  A  stirrup  arrangement  with  values  of  Krfy  69%  less  than  the  value  required  by  the 
ACI-ASCE  formula  for  static  beams  forced  flexural  failure  at  midspan  under  both  static  and 
dynamic  loads.  (7)  The  proposed  ACI-ASCE  formula  for  the  ultimate  shear  resistance 
yielded  values  which  were  consistently  less  than  the  measured  values.  (8)  The  shears  at  the 
supports  corresponding  to  diagonal  cracking  and  first  yielding  of  the  stirrups  were  greater 
under  dynamic  load  and  were  predictable  from  the  following  equations: 
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total  shear  resistance  at  support  contributed  by  concrete 

usable  total  shear  resistance  at  support 

length  of  span,  center  to  center  of  supports 

distance  from  center  of  support  to  critical  section 

Cj,  coefficient  for  dynamic  increase  in  concrete  tensile  strength 

C2,  coefficient  for  dynamic  increase  in  web  steel  tensile  strength 

shear-moment  ratio  at  critical  section 


Shears  were  computed  at  the  supports  rather  than  at  the  critical  section  for  convenience  in 
comparing  measured  and  computed  results,  shear  being  easily  measured  at  the  supports. 

It  should  be  noted  that  Equations  5  and  8  apply  to  uniformly  distributed  leads  only,  since  the 
multiplier  L/(L  -  2xc)  derives  from  the  assumption  of  linear  shear  distribution  along  the 
span. 


Theory 


In  designing  reinforced  concrete  beams  to  resist  diagonal  tension  under  dynamic  or 
static  loading,  the  designer  has  three  distinct  problems:  (1)  to  determine  how  much  shear 
will  be  imposed  at  the  critical  section  by  a  given  load,  (2)  to  determine  how  much  shear  can 
be  resisted  by  the  beam  at  the  critical  section,  and  (3)  to  determine  the  location  of  the 
critical  section. 

Classical  methods,  which  are  well  established,  give  the  designer  a  means  of  solving 
the  first  problem  with  considerable  accuracy  for  static  loading.  For  dynamic  loading, 
inertia  forces  complicate  the  problem.  Rigorous  modal  analysis  methods  have  been  used  to 
plot  curves  or  provide  tabulated  data  for  various  conditions  of  loading  and  restraint  in 
dynamic  design,  but  these  methods  usually  produce  shear  values  at  the  supports  instead  of  at 
the  critical  section.  Since  the  shear  is  a  complicated  function  of  both  time  and  position  along 
the  span,  it  is  difficult  to  obtain  easily  used  design  data  for  the  applied  shear  at  points  other 
than  at  the  supports.  Equations  and  computed  data  from  methods  such  as  presented  in 
Appendix  G  of  Reference  1  must  undergo  considerable  simplification  before  they  can  be 
applied  to  practical  design  problems. 

For  the  second  problem  -  determining  how  much  shear  can  be  resisted  by  the  beams  at 
the  critical  section  -  a  lack  of  knowledge  about  the  shear  distribution  over  a  cross  section, 
about  the  stress  trajectories,  the  formation  and  propagation  of  cracks,  and  the  failure 
mechanism  has  resulted  in  the  rejection  of  rigorous  and  rational  approaches.  Recommended 
design  criteria  for  static  loading  are  empirical  equations  based  on  observation  of  a  large 
number  of  tests,  but  these  tests  are  mostly  limited  to  static  concentrated  loads.  Therefore, 
a  question  arises  as  to  whether  these  criteria  can  be  modified  for  application  to  other 
conditions  of  load  distribution  and  restraint,  and  to  dynamic  loading.  Equations  3  and  4  are 
suggested  for  modifying  Equations  1  and  2. 

The  ACI-ASCE  Joint  Committee  326  2  did  not  recommend  a  method  for  determining  the 
location  of  the  critical  section  which  is  needed  to  use  Equations  1  and  2.  The  Committee 
concluded  that  for  simple  supports  and  static  concentrated  loads,  the  designer  will  be 
conservative  in  assuming  the  critical  section  to  be  a  distance  from  the  support  equal  to  the 
effective  depth  of  the  beam.  The  application  of  this  rule  to  other  conditions  of  loading  and 
restraint  is  questionable.  Keenan's  data  1  indicate  that  the  distance  to  the  critical  section  of 
those  beams  tested  with  simple  supports,  uniformly  distributed  load,  and  both  static  and 
dynamic  loading  was  equal  to  approximately  one-tenth  the  span  length.  A  method  is  presented 
in  Appendix  A  of  this  report  for  approximating  the  position  of  the  critical  section  for  both 
static  and  dynamic  loads  using  the  static  shear  distribution  and  Equation  3.  Accurate  results 
cannot  be  expected  because  of  the  simplifying  assumption  regarding  shear  distribution  and  the 
fact  that  this  empirical  equation  was  primarily  intended  for  predicting  stress  rather  than 
location. 

Definitions 

Terminology  and  notation  in  this  report  follow  as  closely  as  practical  those  of 
Committee  326 2  and  Keenan.*  However,  for  the  evaluation  of  experimental  data,  it  is 
necessary  to  define  in  specific  detail  certain  terms  which  might  conflict  r  might  have  been 
given  general  connotations  in  the  past. 

Flexural  cracks  are  caused  by  bending  forces  only.  Diagonal  tension  cracks,  also 
called  shear  cracks,  are  caused  by  diagonal  tension  forces  which  are  combined  shear  and 
bending  forces.  The  critical  diagonal  tension  crack,  also  called  the  critical  diagonal  crack, 
is  a  shear  crack  which  forms  at  the  critical  section.  The  critical  section  is  the  transverse 
cross  section  with  the  smallest  ratio  of  resisting  shear  to  applied  shear.  Therefore,  the 
location  of  the  critical  section  depends  on  the  conditions  of  loading  and  restraint  as  well  as 
the  cross  section  alo.ig  the  beam.  In  the  experiments  reported  herein,  unless  otherwise 
noted,  the  location  of  the  critical  section  is  measured  from  the  center  of  the  support  along 
the  longitudinal  tension  steel  to  the  critical  diagonal  crack. 
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For  under-reinforced  beams  like  those  in  the  tests  reported  herein,  yielding  of  the 
longitudinal  steel  at  midspan  constitutes  flexural  yielding.  Yielding  of  one  stirrup  in  tension 
or  the  concrete  in  compression  near  the  critical  section  constitutes  yielding  in  shear.  Since 
redistribution  of  internal  stresses  can  occur  after  flexural  yielding  and  yielding  in  shear,  it 
is  possible  for  both  types  of  yielding  to  occur  prior  to  failure.  Either  type  of  yielding 
constitutes  yielding  of  the  beam. 

Rupture  of  any  component,  excluding  cracking  of  the  concrete,  constitutes  failure  of  the 
beam.  Flexural  failure  occurs  upon  crushing  of  the  concrete  at  midspan.  Shear  failures  are 
of  three  types:  diagonal  tension  failure,  which  results  from  diagonal  tension  cracking  if 
redistribution  of  internal  forces  is  not  accomplished;  shear-compression  failure,  from 
crushing  of  the  concrete  near  the  critical  section  after  a  stirrup  has  yielded;  and  compression 
failure,  which  results  from  crushing  of  the  concrete  near  the  critical  section  prior  to 
yielding  of  a  stirrup.  A  beam  is  said  to  have  failed  in  shear  or  flexure  depending  on  which 
type  of  rupture  occurs  first. 

The  ultimate  shear  strength  of  a  reinforced  concrete  beam  is  the  average  unit  shearing 
stress  at  the  critical  section  upon  the  incidence  of  shear  failure.  Committee  326  states: 

"The  load  causing  formation  of  a  critical  diagonal  tension  crack  must  ordinarily  be 
considered  in  design  as  the  usable  ultimate  load-carrying  capacity  of  a  reinforced  concrete 
member  without  web  reinforcement."  ^  Therefore,  in  this  report,  the  usable  ultimate  shear 
strength  of  reinforced  concrete  beams  without  web  reinforcement  is  considered  as  the 
average  unit  shearing  stress  at  the  critical  section  corresponding  to  formation  of  a  critical 
diagonal  tension  crack.  As  inferred  by  Equation  2,  the  usable  ultimate  shear  strength  of 
reinforced  concrete  beams  with  web  reinforcement  is  considered  as  the  average  unit  shear 
stress  at  the  critical  section  corresponding  to  yielding  in  shear. 

A  few  notations  in  this  report  are  different  from  those  in  Part  I.  Such  changes  were 
made  in  the  interest  of  simplicity,  order,  standardization,  and  conformance  with  ACI 
designation.  In  general,  uppercase  letters  are  used  to  indicate  forces  while  lowercase 
letters  indicate  forces  per  unit  area.  For  example,  Vu  is  the  usable  ultimate  shear 
resistance  (total  force),  while  vu  is  the  usable  ultimate  unit  shearing  stress  (force  per  unit 
area).  Where  it  is  necessary  to  indicate  location  at  the  support  rather  than  at  the  critical 
section,  primed  symbols  are  used  to  specify  location  at  the  support.  For  example.  Vu'  is 
the  ultimate  shear  resistance  at  the  support  while  Vu  is  the  usable  ultimate  shear 
resistance  at  the  critical  section.  In  this  report,  a  d  is  added  to  the  subscripts  of  symbols 
to  denote  the  dynamic  case.  For  instance,  fy  is  the  yield  strength  of  steel  and  f^y  denotes 
the  dynamic  yield  strength  of  steel. 

Notations  in  Appendix  C,  Instrumentation,  conform  to  manufacturer  symbology. 

In  Part  I,  the  beam  ends  were  designated  left  and  right,  designations  which  depend  on 
the  direction  from  which  the  beams  are  photographed  or  observed.  In  Part  II.  the  beam  ends 
are  designated  east  and  west  to  indicate  the  precise  position  of  the  beams  during  the  test. 
Shear  failures  in  both  series  of  tests  were  anticipated  at  the  weaker  end:  these  correspond  to 
the  left  end  in  Part  I  and  the  east  end  in  Part  II. 


EXPERIMENT 

Objectives 

The  primary  objectives  of  this  Part  II  investigation  were  (1)  to  determine  the  minimum 
amount  of  web  reinforcement  required  to  force  flexural  failures.  (2)  to  confirm  the  validity 
of  the  Committee  326  formulas  2  in  the  case  of  uniformly  distributed  loads.  (3)  to  confirm  the 
coefficients  suggested  by  Keenan  *  for  the  dynamic  increase  in  shear  strength,  and  (4)  to 
study  the  influence  of  stirrup  arrangement  and  type  oi  loading  on  the  location  of  the  critical 
diagonal  crack.  A  subordinate  objective  was  to  study  the  effectiveness  of  stirrups  through  a 
range  of  small  values  of  Krfy. 


Experiment  Plan 

To  pursue  the  objectives,  a  series  of  tests  on  reinforced  concrete  beams  was  planned 
as  shown  in  Table  1.  The  variable  parameters  were  type  of  loading  (static  and  dynamic), 
magnitude  of  the  load,  and  stirrup  spacing.  The  dominant  parameters  held  constant  were 
distribution  of  the  load,  duration  of  the  dynamic  loads,  restraint  condition,  geometry  of  the 
beam,  flexural  cross  section,  strength  of  materials,  and  stirrup  diameter.  All  15  beams 
were  doubly  reinforced,  simply  supported,  and  subjected  to  uniformly  distributed  loads. 

Three  beams  with  stirrups  were  planned  for  each  combination  of  type  of  loading  and  stirrup 
spacing,  plus  one  beam  without  stirrups  for  each  type  of  loading.  Two  changes  to  the  plan 
were  made  during  the  experiment.  The  test  for  beam  OE3  was  added  to  pursue  the  objectives 
of  the  test  for  OE1  after  the  success  of  the  latter  became  limited  by  difficulties  in  controlling 
and  measuring  the  load.  The  type  of  loading  for  test  of  beam  WE12  was  changed  from  static 
to  dynamic  to  replace  data  lost  during  the  test  for  WE4  when  the  recording  system  failed. 


Table  1.  Experiment  Plan 

Constant  test  parameters: 

L  =  12  ft  0  in. 

Ag  =  2  No.  9  bars 

fc'  =  3,000  psi 

b  =  7.75  in. 

Ag’  *  2  No.  7  bars 

fy  =  70, 000  psi 

a  *  12.94  in. 

p  a  0. 0199 

Ay  a  0.  0346  in.  2 

d*  =  1.50  in. 

p'  a  0.0120 

fy  a  40, 000  psi  for  stirrups 

Beam  No. 

Type  of  Load 

Amount  of  Load  ^ 
(lb/in. ) 

Stirrup  Spacing 
(in.) 

Dynamic 

607 

5 

Dynamic 

486 

5 

Dynamic 

486 

5 

Dynamic 

486 

3 

Dynamic 

486 

3 

Dynamic 

486 

3 

WE7 

■  1  I 

To  collapse 

5 

WE8 

■ 

To  collapse 

5 

WE9 

Static 

To  collapse 

5 

WE10 

Static 

To  collapse 

3 

Static 

To  collapse 

3 

Dynamic 

607 

3 

OEl 

Static 

To  collapse 

CO 

OE2 

Dynamic 

486 

00 

OE3 

Static 

To  collapse 

CO 

1 /  Static  test  loads  to  be  increased  slowly  from  zero  to  collapse.  Dynamic  test 
loads  to  be  of  long  duration,  with  peak  overpressure  as  shown. 


With  all  other  parameters  constant,  the  stirrup  spacing  can  be  varied  to  obtain  both 
shear  and  flexural  failures.  Interpolation  of  data  over  the  interval  where  mode  of  failure 
changes  can  then  be  used  to  determine'the  minimum  amount  of  web  reinforcement  required 
to  force  flexural  failures,  thus  satisfying  the  first  objective  of  the  experiment.  Theory  and 
experience  indicated  that,  for  the  statically  designed  beam  selected  for  testing,  a  stirrup 
spacing  of  about  3.  5  inches  would  provide  equal  probability  of  failure  in  shear  or  flexure. 

Thus,  spacings  of  5  inches  and  3  inches  were  planned  to  insure  the  occurrence  of  both  shear 
and  flexural  failures.  Identical  beams  were  provided  in  the  plan  to  be  tested  under  two 
different  dynamic  loadings  so  that  a  study  could  be  made  on  the  effect  of  both  the  type  of 
loading  and  the  magnitude  of  dynamic  loading  on  the  minimum  amount  of  web  reinforcement 
required  to  force  flexural  failures. 

All  the  statically  loaded  beams  were  to  be  used  in  satisfying  the  second  objective,  to 
confirm  the  validity  of  the  Committee  326  formulas  in  the  case  of  uniformly  distributed  loads. 
The  test  with  the  statically  loaded  beam  without  stirrups  was  planned  to  indicate  whether  the 
stirrups  have  any  effect  on  the  critical  diagonal  cracking  strength,  and  to  aid  in  determining 
the  portion  of  the  ultimate  usable  shear  strength  provided  by  the  stirrups. 

All  the  beams  were  to  be  used  in  satisfying  the  third  objective,  to  confirm  the 
coefficients  suggested  by  Keenan  for  the  dynamic  increase  in  shear  strength.  Comparison 
between  dynamic  and  static  tests  and  between  beams  with  and  without  web  reinforcement,  and 
information  obtained  from  dynamic  tests  on  stirrup  coupons  were  used  for  determining  the 
coefficients  Cj  and  C2  in  Equations  3  and  4. 

None  of  the  beams  were  specifically  planned  for  accomplishment  of  the  fourth  objective, 
to  study  the  location  of  the  critical  diagonal  crack,  but  all  contributed  toward  fulfilling  that 
objective. 

It  was  desired  to  keep  the  same  beam  cross  section  as  used  in  Part  I1  and  vary  only 
Krfy  so  as  not  to  change  too  many  parameters  at  once,  and  to  permit  rapid  comparison  of 
Pan  I  and  Part  n  data.  Using  the  cross  section  of  the  Part  I  beams,  very  small  values  of 
Krfy  were  required  to  insure  shear  failures;  therefore,  the  subordinate  objective,  to  study 
small  values  of  Krfy,  was  happenstance  and  not  necessarily  a  planned  study. 

Test  Specimens 

Description.  Fifteen  specimens  with  a  12-foot  span  between  supports  were  fabricated. 
All  had  rectangular  cross  sections  of  7.75-inch  width,  12.94-inch  effective  depth,  and  15-inch 
total  depth.  The  distance  from  the  top  surface  to  the  center  of  the  compression  steel  was 
1.  5  inches.  All  beams  were  doubly  reinforced  with  two  No.  9  deformed  bars  in  tension  and 
two  No.  7  bars  in  compression.  All  had  vertical  box-type  stirrups  hooked  to  the  compression 
steel.  Beams  with  stirrups  in  the  region  of  the  critical  section  were  designated  WEI  through 
WE12,  and  those  without  stirrups  in  this  region,  OE1  through  OE3.  Termed  the  E  Series, 
the  specimens  were  identical  to  those  of  the  D  Series  of  Part  I  *  except  for  stirrup  material, 
size,  and  spacing.  There  were  three  types  of  beams:  Type  I  -  those  with  5- inch  spacing 
between  stirrups  in  the  critical  region,  Type  II  -  those  with  3-inch  spacing  there,  and 
Type  III  -  beams  without  stirrups  in  the  critical  region.  Details  are  shown  in 
Figures  1,  2,  and  3.  The  ends  of  each  beam  were  supported  on  and  boited  to  10-inch-long 
by  1-inch-thick  bearing  plates  which  were  free  to  translate  horizontally  and  to  rotate. 

The  beams  were  intended  to  fail  in  shear  near  the  east  end  or  in  flexure  at  midspan; 
therefore,  the  stirrups  were  spaced  closer  together  near  the  west  end.  The  departure  from 
symmetry  in  the  design  was  not  large  enough  to  cause  unsymmetrical  flexural  response,  but 
large  enough  to  preclude  shear  failure  near  the  west  end.  Stirrups  made  from  No.  2  bars 
were  utilized  to  hold  the  longitudinal  bars  firmly  in  place  during  fabrication. 
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Figure  3.  Details  and  instrumentation,  beam  Type  HI  -  without  stirrups  in  the  critical  region. 


Material  Properties.  Tests  on  concrete  control  cylinders  and  steel  coupons  to 
determine  the  static  and  dynamic  material  properties  of  the  beams  are  discussed  and  the 
results  given  in  Appendix  B.  Also,  the  static  material  properties  are  summarized  in 
Table  2.  The  concrete  mix  proportions  were  1.00 : 3.82 : 3.66  by  weight,  with  a  water-cement 
ratio  of  Ol  71  by  weight,  cement  factor  of  4.7,  maximum  aggregate  size  of  3/4  inch,  and  sand 
fineness  modulus  of  2.82.  The  average  static  strength  at  28  days  was  3, 660  psi  in  compres¬ 
sion  and  410  psi  in  tension.  The  dynamic  tensile  splitting  strength  increased  about  70% 
when  the  concrete  cylinders  were  stressed  at  a  rate  of  300, 000  psi  per  second.  The 
longitudinal  reinforcing  steel  satisfied  the  strength  requirements  of  Specification  A432  and 
the  deformation  requirements  of  Specification  A305-56T  of  the  American  Society  for  Testing 
and  Materials  (ASTM).  The  average  static  upper  yield  strength  was  67, 600  psi  for  No.  9 
bars  and  65, 900  psi  for  No.  7  bars.  For  both  sizes,  the  tangent  modulus  of  elasticity  was 
29  x  10®  psi.  The  dynamic  upper  yield  strength  increased  by  24%  when  coupons  were 
strained  at  a  rate  of  0. 3  in./ in./sec.  The  stirrups  used  in  the  region  of  the  critical  section 
were  made  from  9-gage  bright  annealed  plain  wire.  The  average  static  upper  yield  strength 
was  36, 000  psi,  and  the  secant  modulus  of  elasticity  taken  to  a  point  between  the  proportional 
limit  and  the  upper  yield  point  was  29  x  10®  psi.  The  modulus  was  obtained  from  the 
idealized  stress-strain  relationship  shown  in  Figure  B-4  of  Appendix  B.  Under  dynamic 
loading,  the  increase  in  upper  yield  strength  varied  logarithmically  with  respect  to  strain 
rate  from  about  50%  at  a  strain  rate  of  0. 2  in./ in./sec  to  100%  at  3. 0  in./ in./sec.  The 
increase  was  about  80%  at  a  strain  rate  of  1  in./in./sec. 


Table  2.  Static  Material  Properties  of  Beams 

Material  properties  common  to  all  beams: 

E  =  29  x  10®  psi  for  compression  steel,  p’  »  0.0119 

tension  steel,  and  stirrups  fy  »  36, 000  psi 

p  *  0. 0198  Av  *  0. 0346  sq  in.  for  stirrups 


Beam 

Concrete 

Longitudinal  Steel 

Stirrups 

Tension 

Compression 

East  End 

West  End  j 

No. 

Age 

V 

ft 

fy 

fy 

8 

riy 

s 

(days) 

(psi) 

(psi) 

(ksi) 

(ksi) 

(in.) 

(psi) 

(in.) 

(psi) 

WEI 

32 

3,010 

365 

70.6 

65.3 

5 

32.2 

2 

80.5 

WE2 

30 

4,090 

390 

68.7 

67.5 

5 

32.2 

2 

80.5 

WE3 

35 

3,450 

403 

65.0 

66.6 

5 

32.2 

2 

80.5 

WE4 

27 

3,580 

423 

67.4 

64.0 

3 

53.7 

2 

80.5 

WE  5 

30 

3,910 

395 

68.3 

67.7 

3 

53.7 

2 

80.5 

WE6 

33 

4,120 

452 

86.0 

68.3 

3 

53.7 

2 

80.5 

WE7 

26 

3,320 

370 

69.5 

64.0 

5 

32.2 

2 

80.5 

WE8 

28 

3,720 

440 

87.8 

64.9 

5 

32.2 

2 

80.5 

WE9 

23 

3,920 

447 

66.6 

87.1 

5 

32.2 

2 

80.5 

WE10 

27 

3,930 

422 

66.2 

65.1 

3 

53.7 

2 

80.5 

WE  11 

20 

3,420 

397 

87.1 

68.0 

3 

53.7 

2 

80.5 

WE  12 

27 

3,380 

393 

68.0 

64.4 

3 

53.7 

2 

80.5 

OE1 

28 

3,400 

405 

68.8 

66.0 

CO 

0 

6 

26.8 

OE2 

27 

3,640 

432 

66.0 

65.9 

CO 

0 

6 

26.8 

OE3 

28 

4,000 

-- 

— 

-- 

CO 

0 

6 

26.8 

Equipment 


Loading  Machine.  The  beams  were  tested  in  the  NCEL  blast  simulator  (Figure  4), 
which  is  capable  of  applying  a  uniformly  distributed  static  or  dynamic  load.3  Dynamic  loads 
are  applied  by  generating  expanding  gases  in  the  simulator  from  the  detonation  of  Primacord 
by  means  of  two  blasting  caps.  The  peak  pressure  is  controlled  by  the  amount  of  Primacord, 
and  the  decay  time  by  opening  valves  which  vent  the  gases  to  the  atmosphere.  Static  loads 
are  applied  by  admitting  compressed  air  into  the  simulator  by  means  of  a  compressor.  The 
design  capacity  of  the  simulator  is  185  psi. 

Supports.  The  support  configuration  is  shown  in  Figures  4  and  5.  The  test  specimens 
were  bolted  to  the  bearing  plate,  which  was  free  to  translate  horizontally  and  to  rotate.  The 
beams  had  a  5- inch  overhang  measured  from  the  center  of  the  bolt  pattern  to  the  end  of  the 
beam.  Each  of  the  two  supports  contained  a  60-kip-capacity  load  cell. 

Measurements 

Instrumentation.  The  locations  of  the  measurements  for  each  type  of  beam  are  shown 
in  Figures  1,  2,  and  3.  A  detailed  description  of  the  transducers,  strain  gages,  circuitry, 
timing  equipment,  and  recording  equipment  is  given  in  Appendix  C.  Measurements  were 
taken  to  study  the  applied  load,  shear  at  the  supports,  shear  behavior  at  the  critical  section 
including  propagation  of  the  diagonal  tension  crack,  flexural  behavior  at  midspan,  and 
motion  at  midspan. 

Overpressure.  The  applied  load  (overpressure)  was  measured  about  20  inches  above 
the  top  surface  of  the  beam  at  three  locations  along  the  span.  Pressure  transducer  PC2  was 
positioned  directly  above  the  center  of  the  span,  PCI  4  inches  from  the  center  of  the  east 
support,  and  PC3  was  positioned  4  inches  from  the  center  of  the  west  support. 

Force.  The  reactions  at  the  supports  (forces)  were  measured  by  load  cells  RE  and  RW 
located  in  the  supports  (Figure  5).  These  force  measurements,  corrected  for  the  effects  of 
the  5- inch  overhang,  were  used  to  determine  the  total  shearing  force  at  the  supports. 

Acceleration.  In  the  dynamic  tests  only,  accelerometer  MA  was  attached  to  the 
underside  of  the  beam  to  measure  the  motion  of  the  beam  at  midspan.  The  values  obtained 
were  integrated  once  to  obtain  velocity  and  twice  to  obtain  deflection. 

Distance.  Linear  potentiometer  MD  was  located  on  the  underside  of  the  beam  to 
measure  the  deflection  at  midspan.  Also,  a  rotating  drum  operating  in  conjunction  with 
paper  and  pencil  was  used  to  corroborate  measurement  MD.  The  spring-loaded  pencil  was 
attached  to  an  insert  in  the  side  of  the  beam  6  inches  up  from  the  bottom  at  midspan,  and 
recorded  on  paper  taped  to  the  rotating  drum  which  was  attached  to  the  bottom  edge  of  the 
simulator  wall  and  powered  by  an  electric  motor.  In  the  static  tests  only,  a  scale  (100  parts 
to  the  inch)  oriented  in  the  vertical  direction  was  attached  with  masking  tape  to  the  side  of 
the  beam  at  midspan,  and  a  surveyor's  transit  with  the  telescope  in  a  fixed  position  was  used 
to  measure  the  midspan  deflection.  Linear  potentiometers  DC1,  DC2,  and  DC3  were  used  to 
measure  the  change  in  distance  between  the  top  and  bottom  surfaces  of  the  beam  in  the  region 
of  the  diagonal  tension  crack.  A  2-inch-square  aluminum  plate  was  anchored  to  the  top 
surface  of  the  beam  with  hooks.  A  rod  threaded  into  the  plate  extended  down  through  a  small 
vertical  hole  in  the  beam  to  the  linear  potentiometer  mounted  on  the  bottom  surface  of  the 
beam  (Figure  6).  The  measured  change  in  total  depth  of  the  beam  is  the  sum  of  the  vertical 
components  of  the  average  concrete  strain  and  the  crack  widths.  This  meesurement  was 
used  mainly  as  a  detector  and  indicator  of  crack  propagation. 
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Figure  5.  Support  configuration. 


Figure  6.  Details  of  depth  change  measuring  device. 


Strain.  Strains  TS1,  TS2,  and  CS1  in  the  longitudinal  steel  at  midspan  were  measured 
with  electronic  foil  strain  gages  placed  diametrically  opposite  each  other  on  the  bar  and 
wired  to  form  opposite  arms  of  a  Wheatstone  bridge  circuit.  Strains  Cl  and  C2  were 
measured  with  electronic  strain  gages  bonded  to  the  top  surface  of  the  concrete  in  the 
longitudinal  direction,  one  at  midspan  and  one  in  the  region  of  the  critical  section.  Stirrup 
strains,  WS1  through  WS9,  were  measured  with  one  electronic  strain  gage  at  each  location, 
bonded  to  the  wire  in  the  vertical  direction,  and  positioned  at  mid-depth  of  the  beam.  The 
stirrup  strain  measurements  were  used  to  detect  cracking,  trace  crack  propagation,  and 
indicate  yielding  of  the  stirrups. 

Procedure 

Fabricating  Reinforcing  Steel  Cages.  One  cage  for  each  beam  was  made  from  the 
longitudinal  reinforcing  and  the  stirrups  using  the  following  procedure: 

1.  The  9-gage  wire,  received  in  a  2-foot-diameter  coil,  was  straightened  by  drawing 
it  by  hand  through  a  hole  in  a  wooden  block. 

2.  Samples  of  the  wire  were  tested  to  determine  the  material  properties. 

3.  The  wire  was  formed  into  box-shaped  stirrups  by  cutting  it  to  the  required  length 
and  bending  it  around  a  pin. 

4.  The  No.  2  bars  were  formed  into  stirrups  with  the  step  3  technique. 

5.  Nine  wire  stirrups  were  selected  and  one  strain  gage  was  applied  to  each,  the  gage 
being  oriented  along  the  axis  of  the  wire  and  positioned  6-1/8  inches  from  the 
bottom  of  the  stirrup. 

6.  The  longitudinal  steel  (No.  9  and  No.  7  bars)  was  labeled  for  identification,  cut 
to  the  required  length,  and  the  coupons  were  tested  to  determine  the  material 
properties. 

7.  Deformations  were  filed  from  all  the  No.  9  bars  and  half  of  the  No.  7  bars  at 
midlength,  and  two  strain  gages  attached  to  each  filed  location;  these  gages  were 
oriented  along  the  axis  of  the  bar  and  placed  diametrically  opposite  each  other. 

8.  The  longitudinal  steel  bars  (two  gaged  No.  9  bars,  one  gaged  No.  7  bar,  and  one 
ungaged  No.  7  bar)  were  placed  on  a  wooden  form  which  positioned  them. 

9.  The  No.  2  stirrups  were  positioned,  and  tied  with  wire  to  the  longitudinal  steel. 
The  purpose  of  the  No.  2  stirrups  was  to  hold  the  longitudinal  steel  firmly  in 
position  during  the  remainder  of  steel  cage  fabrication  and  concrete  casting. 

10.  The  9-gage  wire  stirrups  w ere  positioned  and  tied. 

11.  In  the  final  step,  lifting  eyes  made  from  No.  2  bars  were  tied  to  the  longitudinal 
steel  at  each  end  of  the  beam. 

Casting.  Thirteen  cubic  feet  of  concrete  per  batch  was  made  of  the  mix  described  in 
Appendix  B  at  the  test  site  in  a  diesel-powered  mixer  of  16-cubic-foot  capacity.  A  small 
quantity  of  water  was  added,  if  necessary,  to  obtain  a  slump  of  about  2  inches.  One  batch 
was  sufficient  to  cast  one  beam  and  six  associated  control  cylinders. 

The  reinforcing  steel  cage  was  positioned  in  the  steel  form  by  means  of  small 
hydrostone  cubes  wired  to  the  longitudinal  bars  as  spacers  against  the  form  sides.  Steel 
sleeves  were  installed  to  create  the  holes  for  the  tiedown  bolts  at  the  supports.  The  small 
aluminum  plates  and  wires  associated  with  depth  change  measurements  DC1,  DC2,  and  DC3 
were  set  in  place.  The  lead  wires  from  the  strain  gages  were  inserted  outward  through 
small  holes  drilled  into  the  side  of  the  form.  Finally,  a  metal  insert  was  positioned  for 
holding  the  pencil  which  would  record  deflection. 

The  beam  and  the  six  test  cylinders  were  cast  by  shoveling  the  concrete  into  the  forms 
and  vibrating  it  with  an  electric  probe-type  vibrator.  Special  care  was  taken  to  prevent 
damage  to  the  wires  and  fixtures.  Finally,  the  top  surfaces  of  the  beam  and  cylinders  were 
troweled  smooth. 


Curing.  The  beam  and  associated  cylinders  were  remoyed  from  the  forms  about  one 
day  after  casting  and  cured  under  wet  burlap  until  about  2  days  before  testing.  The  burlap 
was  watered  once  a  day,  five  days  a  week. 

Preparing  Specimens.  The  following  steps  were  taken  to  prepare  each  beam  for 
testing: 

1.  The  beam  was  set  out  to  dry  for  2  days. 

2.  Strain  gages  Cl  and  C2  were  bonded  to  the  top  face  of  the  concrete. 

3.  The  wires  used  to  form  holes  for  measurements  DC1,  DC2,  and  DC3  were 
withdrawn  and  replaced  with  smaller  diameter  wires,  to  prevent  bonding  between 
the  wire  and  concrete. 

4.  Transducers  DC1,  DC2,  and  OC3  were  fastened  to  the  beam. 

5.  The  sides  of  the  beam  were  whitewashed  to  emphasize  the  crack  pattern  in  the 
concrete  during  the  test  and  lined  with  black  paint  to  indicate  the  location  of  the 
stirrups  and  longitudinal  reinforcement. 

6.  After  the  beam  was  positioned  and  bolted  on  the  support  devices,  the  lifting  eyes 
were  cut  off  and  the  entire  assembly  was  wheeled  into  position  in  the  blast 
simulator  and  anchored  to  the  concrete  foundation. 

7.  A  strip  of  neoprene  was  placed  over  the  top  of  the  beam  to  seal  the  pressure 
chamber  of  the  simulator. 

8.  Transducer  MD  was  fastened  to  the  beam,  and  the  rotating  drum  and  pencil  were 
installed.  For  dynamic  tests  only,  transducer  MA  was  fastened.  For  static  tests 
only,  the  scale  for  visually  measuring  midspan  deflection  was  taped  to  the  beam. 

9.  Finally,  all  electrical  connections  were  made  and  the  beam  was  ready  for  testing 
as  shown  in  Figure  4. 

Testing.  In  the  static  tests,  a  uniformly  distributed  load  on  the  beam  was  gradually 
and  continuously  increased  to  the  point  of  beam  collapse.  The  uniform  load  was  applied  by 
injecting  air  pressure  into  the  blast  simulator  with  an  air  compressor.  The  amount  of 
overpressure  was  monitored  visually  with  an  Emery  pressure  gage  of  375-psi  capacity. 
Measurements  of  load,  reaction,  deflection,  and  strain  were  recorded  with  the  Budd  digital 
recorder  (Appendix  C)  at  each  5-psi  increment  of  overpressure  until  an  overpressure  of 
30  psi  was  attained;  then  an  increment  of  2  psi  was  used  until  the  beam  collapsed.  At  each 
increment,  midspan  deflection  was  automatically  recorded  on  the  rotating  drum,  and  transit 
readings  of  midspan  deflection  were  recorded  by  hand,  as  was  the  overpressure  indicated  by 
the  Emery  pressure  gage. 

In  the  dynamic  tests,  first  the  firing  tube  of  the  simulator  was  loaded  with  the  amount 
of  Primacord  required  to  obtain  the  desired  peak  overpressure,  and  the  sequence  and  delay 
time  of  the  simulator  valves  were  set  to  obtain  the  desired  overpressure  decay  rate.  A 
blasting  cap  was  then  inserted  in  each  end  of  the  firing  tube  and  wired  to  the  master  control 
circuit.  Finally,  a  switch  was  closed  to  start  an  electromechanical  programmer  which  in 
turn  started  the  recording  equipment,  ignited  the  explosive  charge,  controlled  the  opening  of 
the  simulator  valves,  and  stopped  the  recording  equipment.  Continuous  measurements  of 
load,  reaction,  deflection,  and  strain  were  recorded  on  magnetic  tape  (Appendix  C). 

After  the  test,  the  beam  was  inspected  and  removed  from  the  simulator.  The 
transducers  were  removed,  the  cracks  lined  with  black  ink  for  contrast,  and  the  beam  was 
photographed. 
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RESULTS  AND  DISCUSSION 
Data  Reduction  and  Presentation 

The  data  from  the  dynamic  tests  were  recorded  on  magnetic  tape,  played  through  an 
analog-to-digital  converter,  and  then  reduced  on  a  digital  computer.  The  computer  output 
consisted  of  plots,  many  of  which  are  presented  in  Appendix  D,  and  punched  cards.  The 
punched  cards  provided  digitized  data  recorded  for  each  channel  of  electronic  instrumenta¬ 
tion  at  time  intervals  of  1/4  millisecond. 

The  data  from  the  static  tests  were  recorded  on  a  digital  recorder  and  reduced  by 
hand.  Plots  of  the  data  were  made  by  hand,  many  of  which  are  given  in  Appendix  D. 

The  distance  between  the  walls  of  the  blast  simulator  is  8. 10  inches;  therefore,  loads 
expressed  in  pressure  units  (psi)  must  be  multiplied  by  8. 10  to  be  expressed  in  terms  of 
force  per  unit  length  (lb/in.). 

Failure  Mode 

All  the  beams  failed  in  shear  except  two.  The  two  which  failed  in  flexure  were  WE10 
and  WE11;  both  were  loaded  statically  and  had  3-inch  stirrup  spacing  at  the  weak  (east)  end. 
Four  identical  beams  (WE4,  WE5,  WE6,  and  WE12),  which  were  loaded  dynamically,  had 
higher  shear  strength  under  dynamic  load,  but  failed  in  shear.  This  behavior  indicates  that 
a  beam  with  adequate  web  reinforcement  to  force  flexural  failure  under  static  conditions 
might  not  have  sufficient  web  reinforcement  to  force  flexural  failure  under  dynamic  condi¬ 
tions.  Post-test  photographs  of  the  various  beams  are  shown  in  Figures  7,  8,  and  9. 

Beam  OE2,  which  had  no  stirrups  in  the  region  of  the  critical  section  at  one  end  and 
6-inch  stirrup  spacing  at  the  other,  failed  in  shear  at  both  ends  without  yielding  at  midspan. 

Beam  failure  was  detected  by  strain  gages  on  the  top  face  of  the  beam.  Concrete 
strain  of  0. 0035  in./ in.  in  compression  or  0. 00015  in./in.  in  tension  was  selected  as  a 
quantitative  definition  of  failure.  A  strain  value  of  0. 003  in./in.  in  compression  is  used  by 
the  American  Concrete  Institute  4  to  define  yield  strain  for  concrete,  and  rupture  follows 
almost  immediately  thereafter;  hence,  0. 0035  in./in,  was  assumed  to  bs  the  crushing  strain. 
The  average  tensile  strength  of  the  concrete  cylinders  (Appendix  B)  was  410  psi.  Therefore, 
if  the  secant  modulus  of  elasticity  for  concrete  in  tension  is  assumed  to  be  about  3  x  10®  psi, 
the  yield  strain  would  be  about  0. 000137  in./ in.  Since  rupture  In  tension  occurs  immediately 
after  yielding,  0. 00015  in./in.  was  assumed  to  be  the  approximate  failure  strain  in  tension. 

Flexural  Failures 

Beams  WE10  and  WE11  each  had  3-inch  stirrup  spacing  and  were  subjected  to  a 
slowly  increasing  static  load.  The  first  shear  crack  formed  at  a  load  of  approximately 
280  lb/ir..,  the  beam  yielded  in  shear  by  yielding  of  stirrup  WS2  at  about  390  lb/ in.,  then 
yielded  in  flexure  by  yielding  of  the  longitudinal  tension  steel  at  about  575  lb/ in.,  and  finally 
failed  in  flexure  by  crushing  of  the  concrete  at  midspan  under  a  load  of  625  Ib/in.  Yielding 
of  the  compression  steel  did  not  occur  until  after  failure  of  the  beam.  Figure  10  is  a 
diagram  of  the  measured  and  idealized  static  flexural  resistance  for  beams  WE10  and  WE11. 

Shear  Failures 

All  three  types  of  shear  failure  occurred;  diagonal  tension,  shear-compression,  and 
compression.  Table  3  gives  the  type  of  failure  for  each  beam. 

Three  beams  without  stirrups  were  tested.  They  failed  in  diagonal  tension,  but 
collapse  was  retarded  or  prevented  by  dowel  action.  In  the  test  on  beam  OE3,  in  which  a 
static  load  was  increased  slowly,  the  first  diagonal  crack  formed  at  a  load  of  310  lb/in.; 
failure  occurred  at  325  lb/ in.  when  the  crack  propagated  into  the  upper  portion  of  the  beam, 
but  collapse  did  not  occur  until  a  load  of  420  lb/in.  was  reached.  Beam  OE2,  which  was 
loaded  dynamically,  behaved  similarly,  but  the  effects  of  dowel  action  were  less  apparent. 
Table  4  is  a  list  of  the  events  leading  to  diagonal  tension  failure  during  the  test  on  beam  OE2. 
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Table  3.  Failure  Mode  of  Beams  Tested 


Beam 

No. 


Stirrup 

Spacing 

(in.) 

Load 

Type 

Failure 

Mode 

(General) 

Failure 

Mode 

(Specific) 

5 

Dynamic 

Shear 

Shear-compression 

5 

Dynamic 

Shear 

Compression 

5 

Dynamic 

Shear 

Compression 

3 

Dynamic 

Shear 

Compression 

3 

Dynamic 

Shear 

Compression 

3 

Dynamic 

Shear 

Compression 

5 

Static 

Shear 

Shear-compression 

5 

Static 

Shear 

Shear-compression 

5 

Static 

Shear 

Shear-compression 

3 

Static 

Flexure 

(Ductile) 

3 

Static 

Flexure 

(Ductile) 

3 

Dynamic 

Shear 

Shear-compression 

CO 

Static 

Shear 

Diagonal  tension 

CO 

Dynamic 

Shear 

Diagonal  tension 

CO 

Static 

Shear 

Diagonal  tension 

Beam 

Collapse 


Yes 

No 

No 

No 

No!/ 


1/  Collapse  was  prevented  by  dowel  action. 
2/  Collapse  was  retarded  by  dowel  action. 


Table  4.  Sequence  of  Events  Leading  to  Diagonal  Tension  Failure 
During  Test  of  Beam  OE2 


Time 

(msec) 


2.75 
3.00 
6.25 

7.75 
9.  50 

10.25 

11.50 
11.75 

12.  50 

13.50 


Detonation  of  the  Primacord 
Impingement  of  the  load  on  the  beam 

Significant  midspan  acceleration  and  small  shock  wave  in  the  beam 
Significant  reactions  at  the  supports 

Maximum  midspan  acceleration  greater  than  150  g  (beyond  the  range  of  the 
transducer)  and  significant  midspan  deflection 

Peak  load  of  the  initial  pulse,  524  lb/in. ,  and  significant  compressive  strain 
in  the  remote  fiber  at  midspan 

Significant  compressive  and  tensile  strains  in  the  longitudinal  steel  at  midspan 
Significant  compressive  strain  in  the  remote  fiber  near  the  critical  section 
Absolute  maximum  load,  525  lb/in. 

Maximum  midspan  velocity,  23  ft/sec 
Formation  of  diagonal  tension  cracks  at  both  ends  of  the  beam 
Maximum  dynamic  reaction  at  the  weak  end,  43. 3  kips 
Maximum  midspan  deceleration,  -99  g 

Marked  increase  in  compressive  stra’n  at  the  remote  fiber  near  the  critical 
section  accompanied  by  decrease  in  ill  strains  measured  at  midspan 

Beam  failure  in  diagonal  tension  by  rapid  crushing  of  the  concrete  at  the 
remote  fiber  near  the  critical  section 

Collapse 


The  beams  with  5-inch  stirrup  spacing  subjected  to  a  slowly  increasing  static  load 
definitely  failed  in  shear-compression.  Formation  of  the  first  shear  crack  occurred  at  a  load 
of  about  290  lb/ in.,  followed  by  yielding  and  rupture  of  the  stirrups  crossed  by  the  propagating 
crack.  Failure  occurred  by  crushing  of  the  concrete  at  about  470  lb/ in.,  and  collapse  with 
rupture  of  the  last  stirrup  crossed  by  the  crack  at  a  load  of  approximately  570  lb/in. 

The  dynamically  loaded  beams  behaved  differently.  The  stirrups  yielded  at  almpst  the 
same  time  as  the  concrete  crushed,  making  the  specific  mode  of  failure  difficult  to  establish. 
After  a  careful  study  of  the  data,  it  was  determined  that  two  beams  failed  in 
shear-compression  and  five  in  compression.  This  behavior  indicates  that  beams  failing  in 
shear-compression  under  static  conditions  might  fail  in  compression  under  dynamic 
conditions.  With  the  exception  of  beam  WE12,  yielding  did  not  occur  at  midspan.  Table  5  is 
a  list  of  events  leading  to  shear-compression  failure  of  beam  WEI,  and  Table  6  of  events 
leading  to  compression  failure  in  beam  WE5. 


Table  5.  Sequence  of  Events  Leading  to  Shear-Compression  Failure 
During  Test  of  Beam  WEI 


Time 

(msec) 

Event 

-0.75 

Detonation  of  the  Primacord 

0. 00 

Impingement  of  the  load  of  the  beam 

1.00 

Significant  midspan  acceleration 

2.00 

Significant  compressive  strain  in  the  remote  fiber  near  the  critical  section 
and  small  shock  wave  in  the  beam 

2.25 

Peak  load  of  the  initial  pulse,  621  lb/in.,  significant  reactions  at  the  supports, 
and  significant  midspan  deflection 

3.00 

Significant  compressive  and  tensile  strains  at  midspan 

4.25 

Acceleration  greater  than  150  g  (beyond  the  range  of  the  transducer) 

6.00 

Peak  load  of  the  second  major  pulse,  668  Ib/'in. 

7.25 

Formation  of  a  diagonal  tension  crack  at  the  weak  end  near  stirrup  WS3 

7.75 

Formation  of  a  diagonal  tension  crack  at  the  strong  end  near  stirrup  WS8 

9.25 

Formation  of  a  second  diagonal  tension  crack  at  the  weak  end  near  stirrup 

WS2,  marked  increase  in  strain  rates  of  stirrups  WS1  and  WS2  to  about 

0.90  in./' in./sec,  and  decrease  in  strain  rate  in  the  longitudinal  tension  steel 
at  midspan  from  about  0.  35  in./in./sec  to  about  0.  06  in.  in.  sec 

10.75 

Large  compressive  strain  at  the  remote  fiber  near  the  critical  section. 

1,  060 //in./in.,  accompanied  by  rapid  increase  in  crack  width  indicating  rapid 
crack  propagation  into  the  compression  zone 

11.  50 

Yielding  of  stirrup  WS2 

12.25 

Yielding  of  stirrup  WS1 

12.75 

Yielding  of  stirrup  WS3 

13.  50 

Beam  failure  in  shear-compression 

15.25 

Maximum  dynamic  reaction  at  the  weak  end,  61.2  kips 

18.25 

Absolute  maximum  load,  671  lb/in. 

Collapse 

Table  6.  Sequence  of  Events  Leading  io  Compression  Failure 
During  Test  of  Beam  WE  5 


Time 

(msec) 

Event 

-0. 75 

Detonation  of  the  Primacord 

0. 00 

Impingement  of  the  load  on  the  beam 

0. 25 

Significant  midspan  acceleration 

0.  50 

Significant  reactions  at  the  supports 

1.00 

Maximum  midspan  acceleration,  72  g,  and  small  shock  wave  in  the  beam 

1.25 

Significant  midspan  deflection 

2.00 

Peak  load  of  the  initial  pulse,  494  lb/in. 

2.25 

Significant  compressive  and  tensile  strains  at  midspan 

3.25 

Significant  compressive  strain  in  the  remote  fiber  near  the  critical  section 

6.50 

Peak  load  of  the  second  major  pulse,  495  lb/ in. 

7.  50 

Maximum  midspan  velocity,  7.8  ft/ sec 

8.00 

Decrease  in  strain  rate  in  the  longitudinal  tension  steel  at  midspan  from 
about  0.31  in./ in./sec  to  about  0.05  in./in./sec  with  large  increase  in 
shearing  forces 

8.  50 

Formation  of  a  diagonal  tension  crack  at  the  strong  end  near  stirrup  WS7 

9.00 

Formation  of  a  diagonal  tension  crack  at  the  weak  end  near  stirrup  WS4,  and 
maximum  tensile  strain  at  midspan,  1,800 /tin./in. 

9.25 

Formation  of  a  second  diagonal  tension  crack  at  the  weak  end  near  stirrup 

WS2  with  reduction  of  tensile  strains  at  midspan 

10.00 

Marked  increase  in  the  strain  rates  of  stirrups  WS1,  WS2,  and  WS3  to  about 

1. 10  in./in./sec,  indicating  acceleration  of  crack  propagation  and  rapid 
redistribution  of  the  shearing  forces  from  the  concrete  to  the  stirrups 

10.25 

Peak  load  of  the  third  major  pulse,  499  Ib/in. 

10.  50 

Marked  increase  in  compressive  strain  in  the  remote  fiber  near  the  critical 
section 

11.25 

Beam  failure  in  compression  by  rapid  crushing  of  the  concrete  at  the  remote 
fiber  near  the  critical  section 

11.50 

Yielding  of  stirrup  WS2  (after  failure  of  the  beam),  and  maximum  midspan 
deceleration,  -31  g 

14.25 

Absolute  maximum  load,  500  lb/in. 

17.00 

Maximum  dynamic  reaction  at  the  weak  end,  53.8  kips 

19.50 

Maximum  midspan  deflection,  1.09  in. 

Collapse  did  not  occur 
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Critical  Diagonal  Tension  Crack 

The  critical  diagonal  tension  cracks  formed  and  propagated  in  the  same  manner  as 
those  in  the  D  Series  tests  of  Part  I.  After  the  first  diagonal  tension  crack  formed  and 
propagated  partway  up  into  the  beam,  a  second  diagonal  tension  crack  formed  nearer  the 
support.  The  second  crack  propagated  much  faster  than  the  first,  up  through  the  beam  to  the 
compression  reinforcement,  and  finally  to  the  top  face  of  the  beam.  The  two  cracks  are 
shown  in  Figure  11,  crack  A  being  the  first  to  form  and  crack  B  the  critical  one  at  failure. 
The  measured  distances  from  the  center  of  the  support  to  the  critical  diagonal  crack  at  both 
ends  of  each  beam  are  given  in  Table  7.  The  distances  measured  along  the  longitudinal 
tension  steel  and  also  at  mid-depth  of  the  beam  are  listed.  The  theoretical  distances  to  the 
critical  sections,  also  given  in  the  table,  were  computed  using  the  equation  developed  in 
Appendix  A,  and  compared  with  the  measured  values.  In  every  instance,  at  both  ends  of  all 
the  beams,  the  theoretical  distance  fell  in  the  zone  between  the  two  measured  distances; 
therefore,  it  seems  that  the  method  in  Appendix  A  is  adequate  for  predicting  the  location  of 
the  critical  section.  The  rule  of  thumb  recommended  by  the  ACI-ASCE  Joint  Committee  326, 
that  the  distance  is  approximately  equal  to  the  effective  depth  of  the  beam,  also  seems  to  be 
adequate.  The  equation  developed  in  Appendix  A  predicts  a  location  of  the  critical  section 
nearer  to  the  support  for  dynamic  conditions  than  for  static  conditions.  However,  the 
difference  is  too  small  to  be  confirmed  one  way  or  the  other  by  the  measured  data. 

Shear  Resistance  at  the  Support 

At  the  support  and  for  each  beam  tested,  the  measured  and  computed  unit  shearing 
stresses  which  correspond  to  diagonal  tension  cracking  and  to  yielding  of  a  stirrup  are  given 
in  Table  8.  The  measured  values  which  correspond  to  failure  of  the  beam  also  are  presented. 


Figure  11.  Critical  diagonal  tension  crack. 


Table  7.  Location  of  the  Critical  Tension  Crack 


No  crack  occurred  at  strong  end. 
All  tests. 


Table  8.  Comparison  of  Measured  and  Computed  Results  for 
Shear  Resistance  at  East  Support 


Beam 

No. 

Unit  Shearing  Stress  at  East  Support, 

v’  (psi) 

Cracking,  v 

f 

c 

Yielding,  vu 

.  1/ 

Failure,  vj’ 
(Measured) 

Measured 

Computed 

Ratio 

Measured 

Computed 

Ratio 

Dynamic  Tests 

WEI 

313 

291 

1.08 

469 

353 

1.33 

525 

WE2 

248 

312 

0. 80 

397 

375 

1.06 

398 

WE3 

394 

294 

1.34 

498 

357 

1.40 

498 

WE  5 

314 

308 

1.02 

386 

412 

0. 94 

386 

WE6 

284 

310 

0. 92 

392 

419 

0. 94 

392 

WE12 

300 

284 

1.06 

427 

396 

1.08 

540 

OE2 

340 

295 

1.15 

-- 

— 

— 

360 

Static  Tests 

WE7 

204 

204 

1.00 

239 

240 

1.00 

338 

WE8 

233 

210 

1.11 

257 

248 

1.04 

420 

WE9 

192 

213 

0.90 

227 

251 

0.90 

251 

WE  10 

204 

232 

0.88 

297 

291 

1.02 

Flexure 

WE11 

198 

222 

0. 89 

256 

282 

0.91 

Flexure 

OE3 

221 

231 

0.96 

— 

— 

-- 

233 

1/  Yielding  of  stirrups  or  crushing  of  concrete,  whichever  occurred  first. 


Computed  values  of  the  unit  shearing  stresses  at  the  critical  section,  vc  and  vu,  were 
obtained  by  using  Equations  3  and  4.  All  computed  values  of  the  cracking  strength  were  lower 
than  the  limiting  value  given  in  Equation  3,  and  all  computed  values  of  the  usable  ultimate 
shearing  strength  were  lower  than  the  limiting  value  given  in  Equation  4.  The  following 
measured  values  were  used  in  the  formulas:  (1)  compressive  concrete  strength,  fc’,  obtained 
from  cylinder  tests,  (2)  distance  to  the  critical  section,  x~,  measured  to  the  critical  diagonal 
crack  at  the  elevation  of  the  tension  reinforcement,  and  (3)  dynamic  increase  coefficient,  C2, 
for  the  stirrups.  Nominal  values  were  used  for  the  other  parameters. 

The  dynamic  Increase  coefficient  for  the  stirrups  loaded  dynamically  was  found  to  be 
1. 7  from  the  results  shown  in  Table  9  and  Figure  B-6  of  Appendix  B.  In  the  table,  a  footnote 
number  is  used  to  indicate  which  stirrup  was  the  first  to  yield  in  each  beam,  placed  beside  the 
strain  rate  in  that  stirrup  prior  to  yielding.  The  rates  varied  from  0. 81  in./in./sec  in  beam 
WE  12  to  1. 22  in./ in./sec  in  beam  WE3.  For  determining  the  dynamic  increase  coefficient, 
the  most  conservative  strain  rate  (0. 81  in./ in./ sec)  was  chosen.  In  the  figure,  the  corre¬ 
sponding  increase  in  upper  yield  stress  is  77%.  Again  conservatism  was  applied  by  rounding 
this  number  to  the  next  lower  increment  of  10%  (70%).  Thus  a  coefficient  of  1. 7  was  found. 

The  upper  yield  point  was  used  instead  of  the  lower  yield  point  because  first  yielding  of  a 
stirrup  is  defined  as  the  usable  ultimate  and,  therefore,  the  remainder  of  the  stress-strain 
relationship  was  not  used.  The  conservatism  of  the  selection  of  1.7  is  discussed  further  in  the 
subsequent  paragraph  where  correlation  between  measured  and  computed  shears  is  presented. 


Table  9.  Measured  Strain  Rates  in  Stirrups  and  Longitudinal  Tension  Steel 


Beam 

Measured  Strain  Rate, 

<  (in./in./sec) 

No. 

Stirrup 

Stirrup 

Stirrup 

Stirrup 

Bar 

Bar 

WS1 

WS2 

WS3 

WS4 

TS1 

TS2 

WEI 

0.90 

0. 86-1/ 

0. 33 

mm 

jHHRHf 

0. 36 

WE2 

0.90 

1.33 

1.07^/ 

0. 30 

WE3 

1.45 

0.97 

1.221/ 

mgm 

0.  29 

0.31 

WE5 

0. 90 

1.051/ 

0. 89 

mm 

0.  32 

0. 32 

WE6 

1.05 

0. 70 

0.9ll/ 

B9 

0.  28 

0. 30 

WE12 

0. 67 

0.8ll/ 

0.72 

Bfl 

0.  34 

0.31 

1/  First  stirrup  to  yield. 


The  dynamic  increase  coefficient  for  the  concrete  is  given  in  Reference  5  as  1.7.  This 
value  is  discussed  in  Part  I1  and  shown  in  Figure  B-l  of  Appendix  B  along  with  results  of 
dynamic  split  cylinder  tests  performed  by  Keenan. 

Therefore,  for  the  static  tests,  Ci  =  C2  =  1,  and  for  the  dynamic  tests. 

Ci  =  C2  =  1.7.  Computed  values  of  the  unit  shearing  stresses  at  the  support,  vc’  and  vu\ 
were  obtained  from  the  values  at  the  critical  section  assuming  linear  shear  distribution  along 
the  span.  These  equations  are  given  as 


The  measured  values  of  the  shearing  stresses  at  the  supports  were  obtained  from  the 
measured  reactions,  which  were  corrected  for  the  influence  of  the  overhang. 

The  correlation  between  the  measured  and  computed  values  listed  in  Table  8  is  shown 
in  Figure  12.  The  data  from  the  static  tests  indicate  that  the  ACI-ASCE  Joint  Committee  326 
formula  is  satisfactory  for  predicting  the  shearing  resistance  at  cracking  and  yielding  in  the 
case  of  the  simply  supported  beams  which  were  subjected  to  uniformly  distributed  static  loads 
The  correlation  between  measured  and  computed  values  was  about  the  same  for  cracking  and 
yielding.  Of  the  eleven  data  points  compared,  73%  of  the  measured  values  were  within  ±10% 
of  the  computed  values,  and  all  the  values  were  within  ±12%.  This  correlation  is  believed  to 
be  within  the  limits  that  can  be  expected  due  to  control  requirements  for  quality  of  the 
concrete,  placement  of  the  reinforcing  steel,  and  application  of  the  load. 


Measured  Unit  Shear  at  East  Support,  v*  (psi) 


Figure  12.  Correlation  ol  measured  and  computed  results 
for  shear  resistance  at  east  support . 


The  data  from  both  static  and  dynamic  tests  indicate  that  the  formula  as  modified  by 
Keenan 1  and  further  modified  in  this  report  is  satisfactory  for  predicting  the  shearing 
resistance  at  cracking  and  yielding  in  the  case  of  the  simply  supported  beams  which  are 
subjected  to  uniformly  distributed  static  and  dynamic  loads.  In  general,  the  correlation 
between  measured  and  computed  values  is  about  the  same  for  static  and  dynamic  conditions, 
but  more  scatter  exists  in  the  measured  dynamic  data.  Computed  values  of  the  dynamic 
yieldiug  shear  strength  tend  to  be  more  conservative  than  other  data  because  a  conservative 
value  of  the  strain  rate  (0. 81  in./in./sec)  was  selected  from  Table  9  in  determining  a  value  for 
the  dynamic  increase  coefficient  for  stirrups,  C£.  Of  the  24  data  points  compared,  67%  of  the 
measured  values  were  within  ±10%  of  the  computed  values,  83%  within  ±15%,  and  88%  were 
within  ±20%. 

Shear  Resistance  Beyond  Yielding  in  Shear 

From  the  data  listed  in  Tables  8  and  10,  it  can  be  seen  that  the  dynamically  loaded  beams 
had  a  much  smaller  percentage  of  resistance  beyond  yielding  of  the  stirrups  than  the  statically 
loaded  beams.  The  statically  loaded  beams  with  5-inch  stirrup  spacing  had  from  11%  to  63% 
additional  strength  after  yielding  and  prior  to  failure  in  shear;  identical  beams  loaded 
dynamically  had  very  little  or  none.  In  fact,  beams  WE2  and  WE3,  which  also  had  5-inch 
spacing  (Table  10),  failed  before  yielding  of  the  stirrups.  This  difference  in  behavior  under 
dynamic  loading  is  caused  by  the  large  increase  in  stirrup  contribution  which  is  not 
accompanied  by  a  comparable  increase  in  the  flexural  capacity  of  the  cross  section  reduced  by 
propagation  of  the  diagonal  tension  crack.  In  this  type  of  failure,  the  ratio  of  applied  moment 
to  resisting  moment  becomes  greater  in  the  region  of  high  shear  than  in  the  region  of  high 
moment.  Also,  these  results  suggest  that  the  limiting  value  in  Equation  3  might  not  be  low 
enough  for  the  design  of  dynamically  loaded  beams. 

The  statically  loaded  beams  with  5-inch  stirrup  spacing  had  additional  shear  resistance 
after  yielding  and  prior  to  collapse  equal  to  70%  of  the  yield  strength.  This  additional  shear 
resistance  resu’  s  mainly  from  the  ductility  of  the  stirrups  and  longitudinal  reinforcement  in 
the  region  of  the  critical  section,  and  from  the  dowel  action  of  the  longitudinal  bars.  The 
magnitude  of  additional  strength  was  not  determined  in  dynamic  tests,  where  collapse  is 
not  defined  i  -rms  of  time  and  st  n. 

The  stau  rally  loaded  beams  with  3-inch  stirrup  spacing  had  sufficient  resistance  after 
yielding  in  shear  to  force  flexural  failure,  ""his  created  the  interesting  situation  where  the 
usable  ultimate  shear  strength,  as  defined  earlier,  was  exceeded  although  the  failure  mode 
was  flexure. 


Effectiveness  of  Stirrups 


The  stirrup  effectiveness,  ip ,  is  the  percentage  of  the  usable  ultimate  shear  resistance 
provided  by  the  stirrups.  Therefore,  from  Equation  4 


tp  = 


(9) 


Measured  and  computed  values  of  ip  are  listed  and  compared  in  Table  11.  Eleven  beam  tests 
with  web  reinforcement  were  analyzed.  Six  of  the  beams  were  loaded  dynamically  and  five 
statically.  In  all  tests,  the  stirrups  were  sufficiently  effective  to  accomplish  internal  stress 
redistribution  after  cracking.  Computed  values  of  the  effectiveness  were  conservative  in  9  of 
the  11  tests.  In  general,  the  computed  values  were  more  conservative  in  the  dynamic  than  the 
static  tests;  also,  more  scatter  existed  in  the  dynamic  tests.  In  the  static  tests,  the  stirrup 
effectiveness  was  greater  in  the  beams  with  3-inch  spacing  than  those  with  5- inch  spacing  as 
predicted,  hi  the  dynamic  tests,  the  amount  of  scatter  in  the  data  was  large  enough  to  prevent 
making  a  judgment.  This  scatter  is  believed  to  be  due  to  premature  cracking  in  beam  WE2 
and  the  higher  dynamic  loads  which  were  applied  to  beams  WEI  and  WE  12,  these  factors 
resulting  in  higher  measured  effectiveness. 


Table  10.  Shear  Resistance  Beyond  Yielding  in  Shear 


Beam 

No. 

Stirrup 

Spacing 

(in.) 

Unit  Shearing  Stress  Measured 
at  East  Support,  v' 

(psi) 

Shear  Resistance 
Beyond  Yielding 
(%) 

Yielding 

in 

Shear 

melding 

in 

Flexure 

Failure 

in 

Shear 

Failure 

in 

Flexure 

Collapse 

in 

Shear 

To 

Failure 

To 

Collapse 

Dynamic  Tests 

WEI 

5 

469 

None 

525 

-- 

1/ 

12 

1/ 

WE2 

5 

426 

None 

398 

— 

None 

0 

— 

WES 

5 

498 

None 

498 

— 

1/ 

0 

1/ 

WE5 

3 

386 

None 

386 

— 

None 

0 

— 

WE6 

3 

421 

None 

392 

— 

None 

0 

-- 

WE12 

3 

427 

542 

540 

— 

None 

26 

-- 

Static  Tests 

WE7 

5 

239 

None 

338 

-- 

396 

41 

66 

WE8 

5 

257 

420 

420 

-- 

437 

63 

70 

WE9 

5 

227 

None 

251 

-- 

402 

11 

77 

WE10 

3 

297 

420 

-- 

449 

None 

51 

— 

WE11 

3 

256 

408 

— 

449 

— 

None 

75 

— 

1/  Not  well  defined  in  dynamic  tests. 


The  ACI  Building  Code  4  places  the  following  limit  on  the  amount  of  web  reinforcement: 
"Where  web  reinforcement  is  required,  its  area  shall  not  be  less  than  0. 15  percent  of  the 
area,  bs,  computed  as  the  product  of  the  width  of  the  web  and  the  spacing  of  the  web 
reinforcement  along  the  longitudinal  axis  of  the  member. "  This  limit  would  require  a  value 
of  Krfy  equal  to  or  greater  than  54  psl  in  the  beams  tested.  In  three  dynamic  tests  and  three 
static  tests,  stirrups  with  Krfy  values  equal  to  32.2  psi  were  effective. 

Dynamic  Loading  and  Response 

A  modal  analysis  of  a  simply  supported  beam  under  a  uniformly  distributed  dynamic  load 
is  developed  in  Appendix  G  of  Reference  1 .  The  correlation  of  this  theory  with  the  results  of 
the  D  Series  beam  tests  is  discussed  on  page  25  of  Reference  1.  The  theory  was  used  to  obtain 
the  curves  plotted  in  Figure  13  for  obtaining  the  maximum  dynamic  shear  factor,  DSFm.  This 
multiplier  was  applied  to  the  ratio  of  the  dynamic  peak  load  and  the  dynamic  flexural  resistance 
to  determine  the  maximum  dynamic  shear  at  the  supports.  In  the  D  Series  correlation  was 
good,  indicating  that  yielding  in  shear  did  not  greatly  alter  the  maximum  applied  shear  and  the 
deflection  for  the  beams  tested,  all  of  which  yielded  in  shear  and  failed  in  flexure.  Correlation 
for  the  E  Series  is  shown  in  Table  12.  Again  correlation  is  good  between  theoretical  and 
measured  maximum  applied  shear.  Since  the  loading  was  just  sufficient  to  cause  failure,  the 
beams  acted  in  a  nearly  elastic  manner  through  most  of  the  loading  and  response  history  19  to 
times  equal  to  about  one-half  the  natural  period.  Therefore,  again  yielding  in  shear  did  not 
greatly  alter  the  maximum  applied  shear.  The  data  in  Table  12  are  given  in  both  dimensional 
and  nondimensional  form  for  convenience.  The  nondimensional  forms  are  used  in  the  charts 
developed  by  Keenan*  (Figure  13). 


Table  11.  Stirrup  Effectiveness 


Beam 

No. 

Stirrup 

Spacing 

(in.) 

Stirrup  Effectiveness,  ip 

Measured ^ 

(%) 

Computed  2/ 

a) 

Ratio 

Dynamic  Tests 

WEI 

5 

33 

16 

5 

38 

15 

5 

21 

15 

1.4 

3 

19 

22 

0.9 

;Vv,  ,  '  ,  :  : 

3 

28 

22 

1.3 

WE12 

3 

30 

23 

1.3 

Static  Tests 

5 

15 

13 

1.2 

■  I  I 

5 

9 

13 

0.7 

5 

15 

13 

1.2 

3 

31 

18 

1.7 

■cm 

3 

23 

19 

1.2 

1 /  ip  =  10o(l  -  VC7VU’)  ,  obtained  from  measured  shear  at 
the  support. 

2/  ip  =  100  C2  (Krfyj/vu  ,  obtained  from  computed  unit  shear 
at  the  critical  section  and  from  properties  of  the  stirrups. 


The  test  for  beam  WE6  is  of  particular  interest.  This  beam  contained  the  largest 
amount  of  web  reinforcement  and  received  the  smallest  load.  The  load  was  sufficient  to  cause 
early  stages  oi  crushing  in  the  concrete  at  the  top  surface  of  the  beam  at  the  head  of  the 
diagonal  tension  crack,  but  did  not  cause  heavy  damage  or  collapse.  Theoretically,  with  a 
step  load  and  elastic  response,  the  dynamic  load  required  to  cause  a  given  deflection  is 
one-hall  the  static  load  causing  that  deflection.  Since  about  6%  damping  could  be  expected  in 
the  beam,  the  dynamic  load  would  have  to  be  slightly  larger  than  one-half  the  static  load  to 
cause  the  same  deflection.  In  the  test  for  beam  WE6,  the  maximum  deflection  of  the  beam  was 
precisely  equal  to  the  static  flexural  yield  deflection  of  similar  beams  (WE10  and  WE11),  the 
ratio  of  the  dynamic  load  to  the  dynamic  yield  resistance  (w/ r^y)  was  slightly  greater  than 
one-half,  and  the  time  to  maximum  deflection  was  one-half  the  natural  period.  All  values  are 
precisely  as  predicted  by  the  theory  for  elastic  response  with  a  small  amount  of  damping. 
Further,  the  predicted  and  measured  maximum  applied  shears  were  the  same  within  the 
accuracy  oi  the  measurements.  Also,  the  times  shown  in  Table  12  indicate  that  failure  in 
shear  occurred  a  short  time  prior  to  maximum  shear,  which  in  turn  occurred  a  short  time 
prior  to  maximum  deflection.  Strains  at  midspan  approached  dynamic  yield  values,  and  the 
extent  of  flexural  cracking  at  midspan  was  advanced,  as  can  be  seen  in  Figure  7.  All  this 
evidence  strongly  indicates  beam  WE6  under  its  dynamic  load  was  a  balanced  beam  in  the 
sense  that  it  had  equal  probability  of  failing  in  either  shear  or  flexure. 
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Figure  13.  Maximum  shear  at  supports  of  simple  beam 
under  uniformly  distributed  dynamic  load. 


Table  12.  Dynamic  Loadings  and  Responses 
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Limitations  of  the  Test  Program 

Concrete  strength  varied  more  than  expected  between  beams.  This  variation  limited 
statistical  confirmations  and  comparisons. 

A  definite  value  for  the  dynamic  increase  coefficient,  C2,  could  not  be  predicted,  tt  was 
found  that  its  value  depends  on  the  strain  rate  in  the  stirrups  which  in  turn  can  be  measured 
but  not  predicted.  A  relationship  is  needed  between  strain  rate  in  stirrups  and  some  dynamic 
flexural  parameter  before  a  practical  design  procedure  can  be  completed. 

The  discovery  in  this  series  of  tests  that  compression-type  shear  failures  are  more 
probable  in  dynamically  loaded  beams  as  compared  to  statically  loaded  beams  indicates  that 
the  use  of  stirrup  yielding  to  define  usable  ultimate  shearing  strength  may  not  be  a  good 
criterion  for  the  design  of  reinforced  concrete  beams. 

Accuracy  of  Measurements 

In  any  experiment,  there  is  always  a  certain  degree  of  inaccuracy  involved  in  recording 
or  reducing  measurements.  The  following  table  contains  reasonable  assumptions  of  accuracy 
in  the  reduced  experiment  data  for  these  tests: 


Static  Loading 

Accuracy  (%) 

2  to  3 

3  to  4 
2  to  3 
2  to  3 
2  to  3 


Dynamic  Loading 

Accuracy  (%) 

3  to  4 

4  to  6 
6  to  8 
3  to  5 
3  to  4 
3  to  5 


Data 

Load  (overpressure) 
Reactions  (force) 
Deflection  (distance) 
Depth  change  (distance) 
Strain 


Data 

Load  (overpressure) 
Reactions  (force) 
Acceleration 
Deflection  (distance) 
Depth  change  (distance) 
Strain 


CONCLUSIONS 

The  conclusions  listed  refer  to  simply  supported  reinforced  concrete  beams  both  with  or 
without  web  reinforcement,  unless  otherwise  stated. 

1.  The  shear  strength,  the  flexural  strength,  the  applied  shear  at  the  critical  section,  and  the 
applied  moment  increase  under  dynamic  load  with  respect  to  the  same  load  applied  statically; 
both  the  shear  strength  contributions  from  the  concrete  and  the  web  reinforcement  increase. 

2.  The  applied  shear  and  applied  moment  increase  in  about  the  same  proportion  with  respect 
to  type  of  loading  -  changing  the  bad  from  static  to  dynamic. 

3.  The  usable  shear  strength  and  the  flexural  strength  increase  in  different  proportions. 
Further,  the  contributions  to  the  usable  shear  strength  from  the  concrete  and  the  web 
reinforcement  increase  in  different  proportions,  depending  mainly  on  the  material  used  for 
stirrups  and  the  rate  of  strain  in  the  stirrups.  Therefore,  the  characteristics  of  the  dynamic 
load  influence  the  relative  increases  in  the  flexural  strength,  shear  strength  from  the  concrete, 
and  shear  strength  from  stirrups. 

4.  Beams  may  or  may  not  have  shear  resistance  beyond  yielding  in  shear;  this  additional 
resistance,  if  any,  is  less  under  dynamic  than  under  static  loading. 


5.  A  beam  containing  adequate  web  reinforcement  to  force  flexural  failure  under  static 
conditions  might  not  have  sufficient  web  reinforcement  to  force  flexural  failure  under  dynamic 
conditions. 

6.  It  is  possible  for  a  beam  to  fail  in  flexure  after  the  usable  ultimate  shearing  resistance  has 
been  exceeded.  In  other  words,  the  additional  shear  resistance  beyond  yielding  in  shear  might 
be  enough  to  force  flexural  failure. 

7.  In  beams  which  fail  in  diagonal  tension,  collapse  might  be  retarded  or  prevented  by  dowel 
action. 

8.  A  beam  which  fails  in  shear-compression  under  static  loading  might  fail  in  compression 
under  dynamic  loading.  In  other  words,  if  failure  occurs  after  yielding  of  the  web  reinforce¬ 
ment  under  static  loading,  it  might  occur  before  yielding  of  the  web  reinforcement  under 
dynamic  loading.  In  the  beams  tested,  this  difference  in  behavior  under  dynamic  loading  was 
caused  by  a  large  increase  in  stirrup  contribution  which  was  not  accompanied  by  a  comparable 
increase  in  the  flexural  capacity  of  the  cross  section  reduced  by  propagation  of  the  diagonal 
tension  crack.  In  this  type  of  compression  failure  in  the  high  shear  zone,  the  ratio  of  applied 
moment  to  resisting  moment  becomes  greater  in  the  region  of  high  shear  than  in  the  region  of 
high  moment. 

9.  In  beams  with  web  reinforcement,  the  critical  diagonal  tension  crack  at  yielding  in  shear 
might  be  a  different  crack  from  the  one  which  is  critical  at  first  shear  cracking. 

10.  The  location  of  the  critical  section  is  predictable  using  the  method  given  in  Appendix  A. 

11.  In  the  beams  tested,  the  location  of  the  critical  diagonal  tension  crack  was  about  the  same 
for  static  and  dynamic  loads,  and  for  various  stirrup  spacings. 

12.  The  shear  and  moment  distributions  along  the  span  are  a  function  of  position  and  time 
under  dynamic  loads.  However,  for  the  beams  tested,  the  difference  between  these 
distributions  for  static  and  dynamic  conditions  was  small.  Therefore,  it  is  concluded  that  the 
static  distributions  can  be  used  in  designing  beams  of  these  general  proportions  to  withstand 
dynamic  loads. 

13.  Under  laboratory  controls,  the  usable  ultimate  shear  strength  of  the  beams  tested  was 
predicted  by  the  ACI-ASCE  Committee  326  formula  as  modified  by  Keenan 1  and  in  this  report 
with  accuracy  of  ±12%  for  static  conditions  and  ±15%  for  dynamic  conditions.  Therefore,  it  is 
concluded  that  the  formula  is  satisfactory  and  the  capacity  reduction  factor  (<j>)  value  of  0. 85 
given  in  the  safety  provisions  of  the  ACI  Building  Code  ’  is  adequate. 

14.  Stirrups  with  a  value  of  Krfy  equal  to  32.  2  psi were  effective  where  a  minimum  value  of 
54  psi  would  be  required  by  the  ACI  Building  Code.^  Therefore,  it  is  concluded  that  the  ACI 
Building  Code  is  conservative  in  regard  to  this  limit. 

15.  For  the  beams  tested,  the  method  developed  by  Keenan*  was  adequate  for  predicting  the 
maximum  applied  shearing  force  at  the  supports. 


DESIGN  RECOMMENDATIONS 


The  following  design  recommendations  are  based  on  the  test  results  presented  in  both 
Part  I  and  Part  n  of  the  continuing  program.  These  recommendations  will  be  revised  as  new 
information  is  obtained. 

Dynamic  Shear  Design  Procedure 

Beams  should  be  designed  to  resist  the  applied  flexural  forces  first.  Then  the  cross 
section  should  be  checked  for  shear,  and  web  reinforcement  added  if  necessary.  Under  some 
conditions,  it  might  be  necessary  to  change  the  cross  section.  The  following  procedure  is 
recommended  for  dynamic  shear  design  after  a  flexural  cross  section  has  been  established: 

1.  Determine  the  maximum  applied  shear  at  the  support. 

2.  Locate  the  critical  section. 

3.  Determine  the  maximum  applied  unit  shear  at  the  critical  section. 

4.  Determine  the  shear-moment  ratio  at  the  critical  section. 

5.  Determine  the  usable  ultimate  shear  strength  without  web  reinforcement  at  the 
critical  section. 

6.  Compare  the  maximum  applied  unit  shear  with  the  usable  ultimate  shear  strength 
without  web  reinforcement  to  determine  whether  web  reinforcement  is  needed. 

7.  Compute  the  amount  of  web  reinforcement,  if  needed,  and  check  the  limits  placed  on 
the  minimum  contribution  from  stirrups  and  the  maximum  contribution  from  the 
concrete.  Increase  the  amount  of  web  reinforcement  if  required.  If  it  is  necessary 
to  change  the  cross  section,  repeat  steps  2  through  7. 

Maximum  Applied  Shear  at  the  Support 

The  method  developed  by  Keenan  which  is  discussed  on  page  25  of  Part  I  *  and  in 
Appendix  G  there  can  be  used  to  determine  the  maximum  applied  shear  at  the  support. 

Location  of  the  Critical  Section 

The  distance  from  the  support  to  the  critical  section  can  be  approximated  by  using  the 
method  given  in  Appendix  A.  However,  this  distance  should  not  be  taken  as  less  than  the 
effective  depth  of  the  beam  when  designing  simply  supported  beams  subjected  to  uniformly 
distributed  loads.  This  distance  can  be  used  to  compute  the  maximum  applied  unit  shear  at  the 
critical  section  if  the  shear  at  the  support  is  known.  It  can  also  be  used  to  compute  the 
shear-moment  ratio  at  the  critical  section  if  the  shear  and  moment  distributions  are  known. 

For  simple  supports  and  uniformly  distributed  loads 
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unit  shearing  stress  at  critical  section 
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Usable  Ultimate  Shear  Strength 


The  following  formulas  are  recommended  for  computing  the  usable  ultimate  shear 
strength  of  reinforced  concrete  beams  with  or  without  web  reinforcement,  and  subjected  to 
static  or  dynamic  uniformly  distributed  or  concentrated  loads: 


Vc  -  C,(l.»Vy)  *  2, 500  pd(X)  <  Cj(3.5Vy)  (12) 

c 


where  (Krfy)]  -  °*  *5  vu 

Equation  12  is  for  computing  the  contribution  from  the  concrete,  and  a  maximum  limit 
has  been  placed  on  that  contribution.  For  designing  statically  loaded  beams,  Cj  =  C3  =  1. 
For  designing  dynamically  loaded  beams,  Cj  =  1.7,  with  the  value  of  C3  unknown.  Until  the 
value  of  C3  is  determined  in  dynamic  tests,  the  designer  will  be  conservative  in  assuming 
C3  =  1  under  all  conditions. 

Equation  13  is  for  computing  the  usable  ultimate  shear  strength  as  the  sum  of  the 
contributions  from  the  concrete  and  the  web  reinforcement,  and  a  minimum  limit  has  been 
placed  on  the  contribution  from  the  web  reinforcement  based  on  a  stirrup  effectiveness,  4> , 
of  15%.  In  general,  this  limit  will  permit  lower  Krfy  values  than  the  limit  given  in  the  ACI 
Building  Code.*  If  the  limit  based  on  effectiveness  is  not  satisfied,  the  contribution  from  the 
web  reinforcement  must  be  neglected.  The  coefficient  Cj  is  the  dynamic  increase  coefficient 
for  the  contribution  from  the  web  reinforcement.  For  designing  statically  loaded  beams, 

C2  =  1.  For  dynamically  loaded  beams,  its  value  depends  on  the  mechanical  properties  of  the 
material  and  the  rate  at  which  the  material  is  strained.  Values  were  determined  in  the 
O  and  E  Series  beam  tests  by  measuring  the  strain  rates  in  the  beams  and  testing  coupons  of 
the  stirrup  material.  At  the  present  time,  however,  no  relations  have  been  developed  to 
predict  strain  rates  in  the  web  reinforcement  in  beams  under  dynamic  loading.  For  dynamic 
conditions,  C2  =  1.3  is  considered  a  conservative  value  covering  a  wide  range  of  materials 
and  strain  rates.  The  capacity  reduction  factor,  <t>,  is  the  safety  provision  as  given  in  the 
ACI  Building  Code.  Its  value  is  0. 85  for  diagonal  tension.  A  maximum  limit  must  be  placed 
on  Equation  13  as  was  done  to  Equation  2.  The  Part  n  experiment  indicates  that  under 
dynamic  loads,  C4  might  be  less  than  unity.  For  static  design,  C4  =  1. 

For  computing  the  required  amount  of  web  reinforcement  in  step  7  of  the  recommended 
design  procedure,  Equation  13  may  be  designated  in  the  form 
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Appendix  A 

COMPUTATION  OF  THE  LOCATION  OF  THE  CRITICAL  SECTION 


OBJECT 

The  object  of  this  appendix  is  to  present  a  method  for  approximating  the  location  of  the 
critical  section  of  reinforced  concrete  beams  in  order  to  determine  the  shear-moment  ratio. 
V/M,  at  the  critical  section.  The  ratio  is  needed  to  obtain  values  for  the  second  term  of 
Equation  A-l  which  is  recommended  for  predicting  the  unit  shearing  resistance  at  the  critical 
section  corresponding  to  formation  of  a  critical  diagonal  tension  crack. 

vc  =  c!  (l.9  Vv)*  2.500 pd(i)  (A-l) 


where  Cj  =  1. 0  for  static  loading 

Cj  =  1.7  for  dynamic  loading 

SCOPE 

Equation  A-l  is  used  with  assumptions  re 'yarding  shear  distribution  to  determine  the 
location  of  the  critical  section  for  dynamic  and  static  loading.  The  equation,  which  is 
developed  in  this  appendix  for  the  distance  from  the  center  of  a  support  to  the  critical  section, 
applies  only  to  uniformly  distributed  loads  and  simple  supports.  The  equation  does  apply  to 
beams  with  overhangs. 


ASSUMPTIONS 

The  assumptions  are:  (1;  Equation  A-l  for  predicting  shear  resistance  is  adequate  for 
approximating  the  location  of  the  critical  section  both  for  static  and  dynamic  loads;  (2)  the 
shear  distribution  along  the  span  for  dynamic  loading  is  the  same  as  for  static  loading.  Thus, 
for  uniformly  distributed  loads,  the  shear  distribution  is  assumed  to  be  linear  for  both  static 
and  dynamic  loadings. 


APPROACH 

At  the  critical  section,  the  applied  shear  expressed  as  a  function  of  position  x  along  the 
span  is  tangent  to  the  resisting  shear  expressed  as  a  function  of  position  x.  Therefore,  the 
slopes  of  the  two  functions  are  equal  and  the  shear  values  are  equal.  By  equating  the  slopes 
and  values  of  the  two  functions  at  that  point  (xc).  a  polynomial  equation  in  xc  is  obtained. 

The  fourth  order  equation  obtained  for  the  beams  tested  is  solved  by  the  method  of  finite 
difference  on  the  IBM- 1620  II  computer. 
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DEVELOPMENT  OF  THE  EQUATION 
Shear- Moment  Ratio  Along  the  Span 

If  the  shear  distribution  along  the  span  is  linear,  the  slope  of  the  applied  shear  with 
respect  to  position  x  is 


and  the  moment  at  position  x  is  equal  to  the  area  of  the  shear  diagram  to  that  point  as  shown 
in  Figure  A-l.  If  z  is  taken  as  the  overhang  distance,  the  moment  at  x  is 


Thus,  the  shear-moment  ratio  can  be  expressed  as  a  function  of  position  x: 


L  -  2x 


Lx  -  x2  -  z2 


(A-2) 


Resisting  Unit  Shear  Function 


By  substituting  Equation  A-2  into  Equation  A-l,  the  resisting  unit  shear  at  critical 
r'iagonal  cracking  may  be  expressed  as  a  function  of  position  x: 

vc  =  too  .  c,(i.»Vv)  ♦  2'500pd(Lx'^7) 


Let 


a 


1 


and  P  =  2,  500pd 


then 


v 


c 


and  the  slope  is 


«  P 


-  2x2  +  2Lx  -  L2  +  2z21 


(A-3) 


(A- 4) 


Conditions  at  the  Critical  Section 

From  the  unit  shear  diagram  (Figure  A-2),  it  can  be  seen  that  at  the  critical  section 
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Figure  A-2.  Applied  and  resisting  unit  shear  diagram. 


Distance  to  the  Critical  Section 

Applying  the  conditions  at  the  critical  section  to  Equations  A-3  and  A-4, 


Therefore 


By  cross-multiplication  and  letting 


xc3  (4*  -  2L) 


+  x 


2  L2 


2z 2  -  6yL^  +  xc  ^3yL2  -  2z2L.j 


+  z4  -  iyL3  =  0 


Thus,  the  equation  for  approximating  the  distance  to  the  critical  section  for  simply  supported 
beams  with  overhangs  under  uniformly  distributed  loads  is 


x  = 
c 


xc4  +  xc3  (4 y  -  2l)  +  xc2  (l2  -  2z2  -  6yhj  +  z4  -  0.  5yL3 


2z2L  -  3yL2 


(A-5) 


where  y  =  A  =  2»50QPd 

«1  Cl(i.9vv) 


Computer  Program 

A  digital  computer  was  used  to  solve  Equation  A-5  by  the  finite  difference  method. 
FORTRAN  statements,  sample  input,  and  sample  output  are  shown  in  Figure  A-3. 
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FORTRAN  STATEMENTS 


C  DYNAMIC  SHEAR  STUDIES  ON  REINFORCED  CONCRETE  BEAMS 
C  DISTANCE  TO  THE  CRITICAL  SECTION 
9999  READ  1.FL.D.Z.FCP.P.C1 

1  FORMAT ( 6F1 0.0 ) 

PUNCH  2.EL*D,Z 

2  FORMAT  I 2HL=*F5.0*4H  IN.»4X*2HD=*F6.2»4H  I N . .4X »2HZ = . F6 . 2 .4H  IN.) 
PUNCH  3.FCP.P.C1 

3  FORMA  T ( 4HFCP= .F6.G.5H  PS  I . .4X . 2HP= ,F 5. 3 .4X , 3HC 1  =  . F 5 . 2  ) 

SR=SQRTF ( FCP ) 

BETA=2500.»P*D 

4  ALPHA=C1*1.9#SR 
G=BETA/ALPHA 
XsD/2.-. 1 

5  X=X+.l 

Y=X**4+X**3*(4.*G-2.*EL)+X*X*<  EL*EL-*'2.*Z*Z-6.*G*EL  >+Z**4-G*EL**3/2 

1. 

Y=Y/<2.*EL*Z*Z-3.*G*EL*EL) 

I F ( X-Y ) 5 .7.6 

6  Y=(Y+X)/2. 

7  IFICl-l. 18.10.8 

8  PUNCH  9 » Y 

9  FORMAT ( / » 20HF0R  DYNAMIC  LOADING. ,39H  THE  DISTANCE  TO  THE  CRITICAL 
1SECTION  =  »F5. 1 »4H  IN. ) 

CI«1. 

GO  TO  4 

10  PUNCH  11 .Y 

11  FORMAT ( / . 19HFOR  STATIC  LOADING. .39H  THE  DISTANCE  TO  THE  CRITICAL  S 
1ECTION  =»F5.1«4H  IN.,//) 

GO  TO  9999 
END 

SAMPLE  INPUT 

144.  12.94  5.  3700.  0.02  1.7 

SAMPLE  OUTPUT 

L*  144.  IN.  D=  12.94  IN.  Z«  5.00  IN. 

FCP*  3700.  PSI.  P=  .020  Cl=  1.70 

FOR  DYNAMIC  LOAriNG,  THE  DISTANCE  TO  THE  CRITICAL  SECTION  *  12.7  IN. 

FOR  STATIC  LOADING.  THE  DISTANCE  TO  THE  CRITICAL  SECTION  =  15.7  IN. 


Figure  A-3.  Computer  program  for  determining  the  distance  to  the  critical  section. 
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Appendix  B 

STRENGTH  PROPERTIES  OF  MATERIALS 


INTRODUCTION 

To  study  the  strength  and  behavior  of  structural  elements,  it  is  necessary  to  determine 
the  strength  and  behavior  of  the  structural  materials  from  which  the  elements  are  made.  The 
object  of  the  work  reported  in  this  appendix  ’••as  to  determine  both  the  static  and  dynamic 
strength  of  the  materials  used  in  the  15  reinforced  concrete  beams  under  study.  These  were 
composed  of  concrete,  longitudinal  reinforcing  bars,  and  vertical  wire  stirrups.  Both  static 
and  dynamic  tests  were  made  on  samples  of  each  material. 


CONCRETE 

Mix 


The  concrete  mix  was  a  3,  000-psi  mix  made  from  Type  I  Portland  cement,  3/4-inch 
maximum  size  San  Gabriel  aggregate,  and  San  Gabriel  sand  having  a  fineness  modulus  of 
2. 82.  Mix  proportions  were  1.00 : 3.82 : 3.66  by  weight,  with  a  water-cement  ratio  of  0. 71  by 
weight  or  7. 98  gallons  per  sack.  The  cement  factor  was  4. 7  sacks  per  cubic  yard.  A  slump 
of  2  inches  was  specified. 

Static  Tests 

At  the  time  each  beam  was  cast,  six  standard  6-inch-diameter  by  12-inch-long 
cylinders  were  cast  from  the  same  batch  of  concrete.  The  cylinders  were  cured  under  wet 
burlap  along  with  the  beam  until  two  days  before  testing.  Three  cylinders  were  used  to 
determine  the  concrete  compressive  strength,  and  three  the  tensile  splitting  strength.  The 
results  are  given  in  Table  B-l.  The  average  static  compressive  strength  at  28  days  was 
3,  660  psi,  and  the  average  static  splitting  tensile  strength  was  410  psi. 

Dynamic  Tests 

The  dynamic  tensile  splitting  strength  of  the  concrete  is  discussed  in  Part  I.  The  effect 
of  stress  rate  on  the  tensile  splitting  strength  is  shown  in  Figure  B-l.  Data  in  the  figure  are 
the  results  of  rapid  load  tests  on  a  series  of  4- inch-diameter  by  8-inch-long  cylinders  cast 
from  the  same  mix  used  in  the  beams,  but  not  from  the  same  batch.  The  mode  of  failure  was 
the  same  under  static  and  dynamic  loading.  However,  the  tensile  splitting  strength  of  the 
cylinders  increased  with  an  increase  in  loading  rate.  The  tensile  splitting  strength  increased 
about  70%  when  the  concrete  was  stressed  at  a  rate  of  300,  000  psi  per  second. 


LONGITUDINAL  REINFORCING  STEEL 
Material 

The  longitudinal  reinforcing  steel  in  each  beam  consisted  of  two  No.  9  bars  in  tension 
and  two  No.  7  bars  in  compression.  All  bars  were  from  the  same  lot  and  satisfied  the 
strength  requirements  of  Specification  A432  and  the  deformation  requirements  of 
Specification  A305-56T  of  the  American  Society  for  Testing  and  Materials. 
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Increase  in  Tensile  Splitting  Strength  (%) 


100 


Table  B-l.  Static  Compressive  and  Tensile  Strength  of  Concrete 


Compressive  Strength,  fc' 

Tensile  Strength, 

h 

Beam 

Slump 

Age 

(psi) 

(psi) 

No. 

(in.) 

(days) 

Cyl  1 

Cyl  2 

Cyl  3 

Average 

Cyl  4 

Cyl  5 

Cyl  6 

Average 

WEI 

2 

32 

■ijyi 

2,950 

wm 

370 

345 

365 

WE2 

1-3/4 

30 

4, 120 

Emm 

385 

400 

385 

390 

2-1/4 

35 

3,570 

mu 

415 

415 

403 

WE4 

1-3/4 

27 

3,570 

3,583 

415 

400 

455 

423 

WE5 

2-1/2 

30 

3,800 

3,960 

3,960 

445 

340 

400 

395 

WE6 

2 

33 

4,070 

4,000 

*•3 

4,117 

425 

455 

475 

452 

WE7 

2-3/8 

26 

3,  540 

3,110 

370 

370 

370 

WE8 

2 

28 

3,710 

3,640 

3,820 

410 

440 

470 

440 

WE9 

2-1/2 

23 

3,960 

3,870 

4, 100 

3,930 

Hr 

420 

450 

470 

447 

2-1/4 

27 

3,980 

3,710 

460 

385 

420 

422 

2-1/4 

20 

3,310 

3,610 

3,340 

3,420 

410 

420 

360 

397 

WE12 

2-1/2 

27 

3,430 

3,410 

3,290 

3,377 

370 

420 

3t»0 

393 

OE1 

2 

28 

3,680 

3,080 

3,450 

mxm 

405 

405 

405 

405 

OE2 

2 

27 

3,890 

3,080 

3,940 

3,637 

435 

455 

405 

432 

OE3 

2 

28 

3,940 

3,990 

4, 080 

-- 

— 

— 

— 

Average  of  all  values 

3,660 

410 

1/  Not  tested. 
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Static  Testa 


Standard  tension  tests  to  determine  the  upper  yield  point  were  made  on  coupons  from  all 
the  tension  bars  and  more  than  half  the  compression  bars.  The  results  are  given  in  Table  B-2 
The  average  upper  yield  stress  was  67, 600  psi  for  NO.  9  bars  and  65, 900  psi  for  No.  7  bars. 
One  No.  9  and  one  No.  7  bar  were  tested  to  rupture,  and  the  stress-strain  curves  are  shown 
in  Figure  B-2.  For  both  bar  sizes,  the  proportional  limit  was  about  50, 000  psi,  the  tangent 
modulus  of  elasticity  29  x  106  psi,  and  the  secant  modulus  taken  to  the  upper  yield  point  was 
approximately  27  x  10®  psi.  All  bars  had  a  well-defined  yield  point,  but  the  larger  diameter 
bars  had  higher  yield  strengths. 


Table  B-2.  Static  Yield  Strength  of  Longitudinal  Reinforcing  Bars 


Tension  Steel 
No.  9  Bars 

Compression  Steel 

No.  7  Bars 

Beam 

Upper 

Beam 

Upper  j 

Bar 

in 

Yield 

Bar 

in 

Yield 

No. 

Which 

Used 

Stress 

(psi) 

NO. 

Which 

Used 

Stress 

(psi) 

9-37 

70, 600 

7-37 

WEI 

-2/ 

9-38 

70, 600 

66,  400 

7-38 

WEI 

65,  300 

9-39 

WE2 

7-39 

WE2 

64, 100 

9-40 

71,000 

7-40 

WE2 

67, 500 

9-41 

WE3 

66, 200 

7-41 

— 

9-42 

WE3 

63,900 

7-42 

66, 600 

9-43 

WE4 

70,400 

7-43 

WE4 

-- 

9-44 

WE4 

64, 500 

7-44 

WE4 

64, 100 

9-45 

WE5 

69, 700 

7-45 

WE5 

-- 

9-46 t/ 

WE5 

66, 900 

7-46 

WE5 

67, 700 

9-47  ^ 

WE7 

70, 900 

7-47 

WE7 

— 

9-48 

WE7 

68, 100 

7-48 

WE7 

64, 000 

9-49 

OE2 

68,400 

7-49 

OE2 

— 

9-50 

WE6 

66,000 

7-50 

WE6 

68, 300 

9-51 

WE8 

71, 100 

7-51 

WE8 

— 

9-52 

WE8 

64,  500 

7-52 

WE8 

64, 900 

9-53 

WE10 

66, 000 

7-53 

WE10 

— 

9-54 

WE  10 

66, 400 

7-55^/ 

WE10 

65, 100 

9-55 

WE11 

70, 800 

WE11 

65, 600 

9-56 

WE11 

63, 400 

7-56 

WE11 

68,000 

9-57 

OE1 

71,400 

7-57 

OE1 

— 

9-58 

OE1 

66, 200 

7-58 

OE1 

66,000 

9-59 

WE12 

64,500 

7-59 

K7 

— 

9-60 

WE12 

71, 400 

7-60 

■11.1%  Z'h 

64, 400 

9-61 

WE9 

62,000 

7-61 

WE9 

66, 900 

9-62 

WE9 

71,100 

7-62 

WE9 

67,100 

9-63 

OE2 

63, 500 

7-63 

OE2 

— 

9-64 

WE6 

66, 600 

7-64 

WE6 

64, 500 

Lowest  value 

mm i 

Lowest  value 

gaps® 

Highest  value 

71,400 

Highest  value 

68, 300 

Average  value 

67, 600 

Average  value 

65, 900 

1 \J  Tested  to  rupture  and  plotted  in  Figure  B-2. 
2/  Not  tested. 
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Dynamic  Tests 


The  dynamic  yield  strength  of  the  bars  used  is  discussed  in  Part  I.*  A  plot  of  increase 
in  upper  yield  stress  with  respect  to  increase  in  strain  rate  for  No.  9  bars  is  shown  in 
Figure  B-3.  The  average  strain  rate  for  the  No.  9  bars  in  the  beam  tests  is  about 
0. 3  in./in./sec.  The  corresponding  increase  in  yield  stress,  from  Figure  B-3,  is  24%. 


STIRRUPS 

Material 

The  stirrups  were  made  from  9-gage  bright  annealed  plain  wire.  The  chemical 
composition  included  0. 12%  carbon,  0. 49%  manganese,  0. 014%  phosphorus,  0. 017%  sulfur, 
and  0. 19%  silicon.  The  cross-sectional  area  of  9-gage  wire  is  0. 0172  square  inch. 

Static  Tests 

Nine  samples  of  the  wire  were  tested.  The  yield  point  was  obtained  for  all  samples  and 
the  ultimate  stress  for  three  of  them.  The  wire,  received  in  a  2-foot-diameter  coil,  was 
carefully  straightened  by  pulling  it  through  a  hole  in  a  wooden  block  by  hand.  Specimens 
10  inches  long  were  cut  from  the  straightened  wire  and  a  strain  gage  applied  at  midlength  to 
measure  strain  in  the  longitudinal  direction.  A  tension  testing  machine  was  used  to  apply  the 
load,  and  an  "M"  indicator  to  take  strain  readings.  The  specimen  was  preloaded  to  about 
ISO  pounds  to  seat  the  wire  grips  and  associated  parts.  Then  the  load  was  relieved  to 
30  pounds  and  the  test  started.  A  plot  of  load  versus  indicator  reading  was  made  to  determine 
the  reading  for  zero  load. 

The  results  of  the  tests  are  given  in  Table  B-3,  and  the  stress-strain  curve  for 
specimen  number  6  is  shown  in  Figure  B-4.  The  stress -strain  curve  is  linear  to  a 
proportional  limit  of  about  28, 000  psi.  The  upper  yield  point  was  not  well  defined  and  no  lower 
yield  point  was  observed.  The  wire  was  very  ductile  and  had  a  long  interval  of  relatively 
constant  load  before  strain  hardening  commenced.  An  idealized  straight-line  stress-strain 
relationship,  shown  in  the  figure,  was  constructed  using  the  average  yield  stress  of  the  nine 
specimens  (36, 000  psi)  and  a  secant  modulus  of  elasticity  of  29  x  106  psi.  The  average 
ultimate  stress  was  52,  300  psi. 

Dynamic  Tests 

Seventeen  specimens  of  stirrup  wire  10  inches  long  were  strained  in  tension  with  the 
NCEL  dynamic  materials  testing  machine  ^  and  continuous  measurements  recorded  of  tensile 
strain  and  force  in  each  specimen.  The  strain  was  measured  with  one  SR-4  foil  resistance 
strain  gage  (EA-05-500  BH)  placed  midway  between  the  ends  of  the  specimen.  Force  was 
measured  with  an  NCEL  strain  gage-type  tension  link.  A  typical  oscillogram  is  shown  in 
Figure  B-5. 

The  results  are  given  in  Table  B-4  and  plotted  in  Figure  B-6.  T.'ie  wire  had  a  diameter 
of  0. 146  inch  and  a  cross-sectional  area  of  0. 0167  square  inch.  The  increase  in  upper  yield 
strength  varied  logarithmically  with  respect  to  strain  rate  from  50%  at  a  strain  rate  of 
0.  2  in./in./sec  to  100%  at  3.0  in./in./sec.  The  increase  in  ultimate  strength  varied 
logarithmically  from  10%  at  0. 2  in./in./sec  to  16%  at  3. 0  in./in./sec.  Both  yield  strength  and 
ultimate  strength  increased  with  increasing  strain  rate,  but  the  strain  rate  had  a  much  greater 
influence  on  yield  strength.  Most  of  the  stirrups  in  the  beam  tests  were  strained  at  a  rate  of 
about  1  in./ in./sec.  The  corresponding  increase  in  upper  yield  strength  is  80%,  and  the 
corresponding  increase  in  ultimate  strength  14%.  The  material  had  well-defined  upper  and 
lower  yield  points  under  dynamic  load. 


Figure  B-4.  Tension  test  of  9-gage  wire  used  for  stirrups 


Table  B-3.  Tension  Tests  on  9-Gage  Wire 


Specimen 

No. 

Yield 

Stress 

(psi) 

Ultimate 

Stress 

(psi) 

1 

-.2/ 

2 

■ 

-- 

3 

37,  500 

— 

4 

35,  800 

— 

5 

36, 100 

— 

61/ 

37, 500 

— 

7 

35,  200 

52, 400 

8 

35,  400 

52, 600 

9 

34, 600 

52. 000 

Average  value 

36, 000 

52, 300 

1/  Stress-strain  curve  shown  in  Figure  B-4. 
2/  Not  tested. 
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Table  B-4.  Results  of  Rapid  Load  Tests  on  9-Gtage  Wire 
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Appendix  C 
INSTRUMENTATION 
by 

O.  M.  Wilsey 


INTRODUCTION 

This  appendix  describes  the  electronic  recording  equipment,  control  equipment,  and 
transducers,  and  the  instrumentation  procedures  used  during  calibration  and  testing  of  the 
15  reinforced  concrete  beams  of  the  study.  In  tests  on  eight  beams  loaded  dynamically, 

24  channels  of  instrumentation  were  provided  to  measure  acceleration,  deflection,  over¬ 
pressure,  force,  and  strain;  in  tests  on  seven  beams  loaded  statically,  only  23  channels  were 
provided,  since  the  acceleration  measurement  was  not  needed.  A  diagram  of  the  system  used 
in  the  dynamic  tests  is  given  in  Figure  C-l. 


RECORDING  EQUIPMENT  FOR  DYNAMIC  TESTS 

A  Honeywell  Model  LAR  7300  Laboratory  Recorder  was  used  to  record  all  24  channels  at 
a  speed  of  60  ips.  This  is  a  seven-track,  direct-record,  multiple-speed  tape  recorder. 

The  data  gathering  system,  Model  FMT  290,  made  by  Vector  Manufacturing  Company, 
consisted  of  seven  racks  (modules)  of  low-level  voltage  control  oscillators  with  four  channels 
per  rack.  Each  rack  contained  four  standard  IRIG  frequencies.  The  center  frequencies  were 
70,  52. 5,  40,  and  30  kcps  with  a  linear  bandwidth  of  ±7. 5%  of  the  center  frequency.  The  four 
frequencies  were  multiplexed  onto  one  track  of  the  seven-track  magnetic  recorder.  The 
components  and  their  specifications  are  shown  in  Table  C-l. 


CONTROL  EQUIPMENT  FOR  DYNAMIC  TESTS 


An  electromechanical  sequential  timer  manufactured  by  Artisan  Electronics,  Model 
EPC  70068,  was  used  to  control  the  sequence  of  events  during  each  test.  The  times  of  the 
events  and  the  corresponding  responses  were  as  follows: 


Time  (msec) 


Event  Response 


-5000 
-4990 
-1500 
-  100 
0 

+  100 
+  900 
+1500 
+2500 


Timer  on 

Tape  recorder  start 
Rotating  drum  start 
Key  and  calibrate 
Detonate  charge 
Valve  series  "C"  open 
Valve  series  "A"  open 
Tape  recorder  stop 
Timer  stop  and  reset  to  zero 


The  key,  listed  in  the  response  column,  is  a  timing  code  put  on  the  tape  to  activate  the 
analog-to-digital  converter  during  data  reduction.  The  key  is  an  eig!it-cycle  burst  at  a  rate 
of  1  kcps  at  2  volts  (pp).  The  burst  is  supplied  by  a  General  Radio  Company  Tone  Burst 
Generator,  Model  1369A,  and  a  Hewlett-Packard  Audio  Oscillator,  Model  2048. 
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diagram  of  instrumentation 


Table  C-l.  Component  Specifications  for  the  Voltage  Control  Oscillators 


Component 

Specifications 

Full-scale  FM  output 

±7. 5%  of  center  frequency 

Input 

Differential  ±1  mv  adjustable  from  ±3  mv  with  no 
attenuation  to  ±100  mv  with  full  attenuation 

Input  attenuator 

Four  steps,  adjustable  in  step 

0-3  mv  not  attenuated 

3-10  mv 

10-30  mv 

30-100  mv 

Input  impedance 

1, 000  ohms 

Bridge  balance 

Capable  of  accommodating: 

(a)  Any  four-arm  bridge  of  resistive  elements 
with  maximum  bridge  unbalance  of  5% 

(b)  Single  or  double  strain  gages 

Controls 

Input  attenuator 

Bridge  balance 

Bridge  voltage  adjustment  (0-10  vdc) 

Bandwidth  adjustment 

Center  frequency  adjustment 

FM  output  gain  adjustment  (0-1  v) 

Manual  calibrate  switch 

Linearity 

Output  frequency  proportional  to  input  voltage 
within  0. 5%  of  full  scale  ’ 

Frequency  response 

0. 9  kcps  at  30  kcps 

1. 2  kcps  at  40  kcps 

1. 6  kcps. at  52.  5  kcps 

2. 1  kcps  at  70  kcps 

Output  impedance 

1,  000  ohms 

RECORDING  EQUIPMENT  FOR  STATIC  TESTS 

All  static  test  data  were  recorded  in  digital  form  with  the  use  of  Budd  Instruments  Switch 
and  Balance  Units,  Series  C-10LTC;  Budd  Instruments  Digital  Strain  Indicator.  Model  A- 110; 
and  Vector  Manufacturing  Company  Printer  Control  Unit,  Model  E-140.  The  capacity  of  the 
system  used  is  30  channels  of  static  test  measurements.  The  switch  and  balance  units  provide 
automatic  step-switching  and  manual  bridge  balance.  The  digital  strain  indicator  has  an 
automatic  servo-driven  balance  unit  and  a  balance  time  of  4  seconds  from  zero  to  full  scale. 
The  printer  control  unit  uses  standard  2-inch  adding  machine  tape  for  data  printout.  The 
printout  information  includes  channel  number,  reading  with  three  significant  figures,  and 
attenuation  setting. 
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TRANSDUCERS  AND  STRAIN  GAGES 


Purpose  and  Location 

Twenty-four  measurements  were  taken  with  transducers  or  strain  gages  in  the  dynamic 
tests.  All  except  the  acceleration  measurement  were  taken  in  the  static  tests.  The 
transducers  and  strain  gages  are  listed  in  Table  C-2  of  this  appendix,  and  the  locations  are 
shown  on  Figures  1,  2,  and  3  of  the  report. 

Accelerometer 

The  accelerometer  was  a  Statham  Accelerometer,  Model  A5-100-350,  ±100  g,  used 
with  a  four-active-arm  bridge-sensing  element  which  has  unbonded  strain  gages.  The 
specifications  are: 


1. 

Bridge  resistance 

350  ohms 

2. 

Overload  range 

300%  full  scale 

3. 

Output 

±50  mv 

4. 

Nonlinearity  and  hysteresis 

Less  than  1%  of  full  scale 

5. 

Transverse  acceleration 

Less  than  0. 02  g/g  of  rated  range 

6. 

Natural  frequency 

600  cps 

7. 

Ambient  temperature  limits 

-40°F  to  +200°F 

Linear  Potentiometers 

One  Model  156  Bourns  Align-O-Pot  and  three  Bourns  Model  108  linear  potentiometers 
were  used.  The  Model  156  has  nonlinearity  of  ±0.  5%,  displacement  of  0-4  inches,  and 
resolution  of  0. 001  inch.  The  Model  108  has  nonlinearity  of  ±0. 75%,  displacement  of  1. 31 
inches,  and  resolution  of  0. 0016  inch. 

Load  Cells 

Kulite-Bytrex  0-60, 000-pound  load  cells  were  used.  The  full-scale  output  is  30  mv. 
The  nonlinearity  is  less  than  1%  of  full  scale  and  the  bridge  resistance  is  700  ohms. 

Pressure  Cells 


Statham  Instrument  Model  PA208TC-150-350  pressure  cells  were  used. 


of  these  gages  are: 

1.  Bridge  resistance 

2.  Overload  range 

3.  Output 

4.  Nonlinearity  and  hysteresis 

5.  Transduction 

6.  Natural  frequency 

7.  Ambient  temperature  limits 


Specifications 

350  ohms 

20 0%  full  scale 

56  mv  at  7  volts  input 

Less  than  0. 75%  of  full  scale 

Resistive,  balanced,  unbonded 
strain  gage  bridge 

12. 5  kc 

-60°F  to  +250°F 


Table  C-2.  Transducers  and  Strain  Gages 


Quantity 

Type 

Designation 

Measurement 

1 

Accelerometer 

MA 

Midspan  acceleration 

1 

Linear  potentiometer 

MD 

Midspan  deflection 

3 

Linear  potentiometer 

DC 

Depth  change 

1 

Load  cell 

RE 

Reaction,  east 

1 

Load  cell 

HW 

Reaction,  west 

3 

Pressure  cell 

PC 

Overpressure 

9 

Strain  gage 

WS 

Web  steel  strain 

2 

Strain  gage 

TS 

Tension  steel  strain 

1 

Strain  gage 

CS 

Compression  steel  strain 

2 

— 

Strain  gage 

C 

Concrete  strain 

24 

Strain  Gages 

Three  types  of  strain  gages  were  used.  Hie  first,  manufactured  by 
Baldwin- Lima- Hamilton,  Type  FA-100-12-S6,  was  used  on  the  longitudinal  reinforcing  bars, 
Type  ASTM  A-432,  No.  7  and  No.  9.  These  gages  have  a  resistance  of  120  ±0. 2  ohms,  with 
a  gage  factor  of  2. 09  ±1%.  They  are  self-compensated  for  ASTM  A-432  steel  and  were  applied 
with  Baldwin- Lima- Hamilton  EPY-150  epoxy  cement.  The  second  type,  manufactured  by 
Allegheny  Instruments  Incorporated,  Type  EA-05-500BH,  was  used  on  the  9-gage-wire 
stirrups.  The  resistance  is  120  ±0. 2  ohms,  with  a  gage  factor  of  2. 08  ±0. 5%.  They  were 
applied  to  the  stirrups  with  Eastman  910  cement.  The  third  type,  Type  A-9-2  manufactured  by 
Baldwin- Uma-Hamilton,  was  used  on  the  concrete.  These  gages  have  a  resistance  of 
200  ±2. 0  ohms,  with  a  gage  factor  of  2. 13  ±1%,  and  were  applied  to  the  concrete  with 
Baldwin- Lima- Hamilton  EPY-150  epoxy  cement. 

All  strain  gages  were  used  in  a  four-arm  bridge  circuit.  The  FA-100-12-S6  type  was 
wired  with  two  active  gages  (in  opposite  arms  of  the  bridge)  and  two  dummy  gages.  The  other 
types  employed  one  active  gage  and  three  dummies.  All  dummies  were  mounted  on  the  same 
kind  of  material  as  the  active  gages,  in  order  to  obtain  the  same  coefficient  of  expansion  and 
temperature  compensation.  All  active  gages  were  waterproofed  with  Petrocene  wax  and  a 
layer  of  electrical  tape,  both  of  which  were  then  covered  with  a  sealing  compound,  Ten-X. 
manufactured  by  Electro  Cote  Company. 


CALIBRATIONS  FOR  DYNAMIC  TESTS 
Accelerometer 

The  accelerometer  was  calibrated  to  100  g  in  10-g  increments  by  using  a  Schaevitz 
rotary  accelerometer  and  the  Vector  voltage  control  oscillators  (VCO).  A  resistor  was 
selected  and  placed  across  one  arm  of  the  bridge.  A  frequency  deviation  of  approximately 
70%  of  full  scale  was  achieved.  This  was  recorded  and  compared  to  the  calibration  during  the 
test  to  determine  any  change  in  system  sensitivity  between  the  time  of  the  initial  calibration 
and  the  test. 
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Linear  Potentiometers 


The  4-inch  displacement  gage  was  calibrated  to  full  scale  in  quarter-inch  increments 
with  a  4-inch  micrometer  on  the  Vector  voltage  control  oscillators.  A  resistor  was  selected 
and  placed  across  one  arm  of  the  bridge.  A  frequency  deviation  of  82%  of  full  scale  was 
achieved.  This  was  recorded  and  compared  to  the  calibration  during  the  test  to  determine  any 
change  in  system  sensitivity. 

The  1.31-inch  gages  were  calibrated  to  0.300  inch,  in  successive  increments  of 
0. 002  inch  up  to  0. 020  inch,  0. 020  inch  up  to  0. 100  inch,  and  finally  0. 050  inch  up  to 
0. 300  inch.  A  resistor  was  selected  and  placed  across  one  arm  of  the  bridge.  A  frequency 
deviation  of  85%  of  full  scale  was  achieved.  This  was  recorded  and  compared  to  the 
calibration  during  the  test  to  determine  any  change  in  system  sensitivity. 

Load  Cells 

The  load  cells  were  calibrated  on  the  voltage  control  oscillators  to  full  scale  by  loading 
them  on  a  60, 000-pound  Baldwin  load  machine  in  5, 000-pound  increments.  A  resistor  was 
selected  and  placed  across  one  arm  of  the  bridge.  A  frequency  deviation  of  80%  was  achieved. 
This  was  recorded  and  compared  to  the  calibration  during  the  test  to  determine  any  change  in 
system  sensitivity. 

Pressure  Cells 

The  pressure  cells  were  calibrated  to  150  psi  in  15-psi  increments  in  a  static  pressure 
calibrator,  using  nitrogen  as  a  pressure  source.  A  resistor  was  selected  and  placed  across 
one  arm  of  the  bridge.  A  frequency  deviation  oi  85%  was  achieved.  This  was  recorded  and 
compared  to  the  calibration  during  the  test  to  determine  any  change  in  system  sensitivity. 

Strain  Gages  (Single  Active  Arm) 

The  calibration  resistors  chosen  for  the  strain  gages  were  derived  by  the  following 
formulas.  First,  to  find  the  approximate  resistance  value  required,  the  formula  used  was 


where  RC 
R 
G 
S 


calibrate  resistor 
gage  resistance 
gage  factor 

maximum  expected  strain  (//in./in.) 


Second,  the  required  resistance  having  been  found,  a  resistor  was  selected  as  near  to  the 
computed  value  as  possible.  Then  it  was  measured  on  a  precision  bridge,  and  by  using  the 
measured  value  and  the  formula 


s  -  ?(rTrc) 


the  exact  value  of  the  resistor  in  *iin./in.  was  determined. 

If  the  value  of  the  resistor  corresponds  to  approximately  the  maximum  strain  expected, 
the  calibration  resistor  can  be  used  to  adjust  the  band  limits. 
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Strain  Gages  (Two  Active  Arms) 

When  using  two  active  arms  on  opposite  sides  of  the  bridge,  the  maximum  strain 
expected  may  be  multiplied  by  two  and  the  same  procedure  used  as  with  the  single  arm  type. 


CALIBRATION  FOR  STATIC  TESTS 

The  accelerometer  was  not  calibrated  or  used  in  the  static  tests.  Calibrations  for  the 
static  tests  were  identical  to  those  for  dynamic  tests  except  that  the  Budd  digital  recorder  was 
used  instead  of  the  voltage  control  oscillators. 


REDUCTION  OF  DATA  FROM  DYNAMIC  TESTS 

After  the  data  was  recorded  on  magnetic  tape,  it  was  played  at  the  NCEL  computer 
facility  into  an  Ampex  FR-100  reproducer,  through  a  Data  Control  Systems  Discriminator, 
Model  GFD-2,  to  a  Control  Logic  Incorporated  Analog-to-Digital  Converter,  Model  PH  ADC-1, 
and  finally  into  an  IBM  Data  Processing  System,  IBM  1620-H.7 
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Appendix  D 

PLOTS  OF  MEASURED  DATA 
by 

D.  S.  Herrington  and  R.  H.  Seabold 


This  appendix  presents  data  from  both  dynamic  and  static  tests.  Data  from  the  dynamic 
tests  were  recorded  continuously  on  magnetic  tape,  then  reduced  and  plotted  by  a  digital 
computer  at  0. 25- msec  intervals.  Data  from  the  static  tests  were  recorded  on  a  digital 
recorder  or  by  hand  at  5-psi  intervals  up  to  30  psi,  and  at  2-psi  intervals  thereafter.  In  the 
test  for  beam  OE3  only,  data  were  recorded  at  1-psi  intervals  after  an  overpressure  of  40  psi 
was  obtained. 

The  width  of  the  load  was  8. 10  inches;  therefore,  the  overpressures  which  are  given  in 
pressure  units  (psi)  must  be  multiplied  by  8. 10  to  obtain  load  per  unit  length  (lb/in.). 

Figures  D-l  through  D-7  are  plots  of  dynamic  load  and  reaction  with  respect  to  time. 
Although  shear  failures  occurred  at  the  east  end,  the  reactions  are  given  for  both  ends  of  the 
beam  for  comparison. 

Figures  D-8  through  D-13  are  plots  of  the  motion  at  the  center  of  the  span  during 
dynamic  tests.  Deflections  computed  from  the  acceleration  measurements  are  plotted  as  well 
as  the  measured  deflections.  Values  on  the  curves  for  deflection  must  be  multiplied  by  1/10 
to  obtain  values  in  inches,  and  for  acceleration  by  10  to  obtain  values  in  gravity  units  (g). 

Figures  D-14  through  D-27  are  plots  of  the  strains  measured  during  dynamic  tests  at 
midspan  and  at  the  east  end.  The  strains  near  the  east  end  were  measured  in  the  region  of 
the  critical  diagonal  tension  crack. 

Figures  D-28  through  D-33  are  plots  of  strain  and  deflection  measured  during  the  static 
tests.  Each  figure  contains  two  sets  of  curves,  one  for  the  strains  and  deflection  at  midspan, 
the  other  for  the  strains  in  the  region  of  the  critical  diagonal  tension  crack.  Beam  OE3  had 
no  stirrups  in  the  region  of  the  critical  diagonal  tension  crack;  therefore,  in  Figure  D-33,  the 
change  in  the  total  depth  of  the  critical  section  is  plotted  in  lieu  of  stirrup  strain. 

The  locations  of  the  measurements  are  shown  in  Figures  1,  2,  and  3  in  the  body  of  the 
report. 
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OVERPRESSURE  (PSI)  OVERPRESSURE  (PSD 

REACTIONS  AT  SUPPORTS  (KIP)  RERCTIONS  RT  SUPPORTS  (KIP) 


OVERPRESSURE 
(AST  REACTION 


riGURE  0-1.  LORO  AND  REACTION  VS-  TIRE,  PEAR  RE  1- 
OVERPRESSURE 


. . .  EAST  REACTION 


0  8  H  6  6  10  12  14  1G  18  SO  SS  24  SG  28 

TIRE  (MSEC) 

riGURE  0-2-  LOAD  AND  REACTION  VS-  TIRE,  BEAR  RE  8. 

«7 


! 


OVERPRESSURE  (PSI)  OVERPRESSURE  (PSD 

REACTIONS  AT  SUPPORTS  (KIP)  REACTIONS  AT  SUPPORTS  IKIP) 


OVERPRESSURE 


2  4  S  8  10  12  14  IB  16  80  22  24  2S  28 


TIME  (MSEC) 

EIGORf  0-3-  LORO  AND  REACTION  VS-  TIMC,  BEAM  Mf  3 


_  OVERPRESSURE 

FAST  REACTION 


TIME  (MSEC) 

EIGURE  0-4.  LOAD  AND  REACTION  VS.  TIME,  BEAM  WE  5- 
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_  OVERPRESSURE 


EAST  REACTION 
NEST  REACTION 


0  2  H  6  8  10  12  H  16  18  20  22  24  26  2B 


TIME  (MSEC) 

FIGURE  0-5.  ICAO  AND  REACTION  VS-  TIME,  BEAM  HE  6- 


FIGURE  0-6.  LOAD  AND  REACTION  VS-  TIME,  BEAM  HE12- 
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_  OVERPRESSURE 

. .  EAST  REACTION 


TIME  (MSEC) 


FIGURE  D-7 •  LOAD  AND  REACTION  VS  TIME,  BEAM  OE  S ■ 


ACCELERATION 

_  VELOCITY  (ACCELEROMETER) 

_  DEFLECTION  (ACCELEROMETER) 

. .  DEFLECTION  (DEFLECTION  GAGE) 


O  M 
M  O 

a 
a  _j 

U  Ui 
_>  > 
u. 

UI 

a 


TIME  (MSEC) 


FIGURE  0-8.  MOTION  AT  THE  CENTER  OF  THE  SPAN,  BEAM  HE  1 
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DEFLECTION  (X  1/10  IN.)  DEFLECTION  CX  1/10  INO 

VELOCITY  (FT/SEC)  VELOCITY  (FT/SEC) 


ACCELERATION 

.VELOCITY  (ACCELEROMETER) 

DEFLECTION  (ACCELEROMETER) 


FIGURE  0-11.  MOTION  AT  THE  CENTER  OF  THE  SPAN,  BEAM  HE  5- 


ACCELERATION 

_ .VELOCITY  (ACCELEROMETER) 

_  DEFLECTION  (ACCELEROMETER) 


FIGURE  O-IS.  MOTION  AT  THE  CENTER  OF  THE  SPAN,  BEAM  HE  6. 
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ACCELERATION 
VELOCITY  (ACCELEROMETER) 
DEFLECTION  (ACCELEROMETER) 
DEFLECTION  (DEFLECTION  GAGE) 


0  S  H  6  8  10  IS  If  16  18  80 


TIME  (MSEC) 

FIGURE  0-13-  MOTION  AT  THE  CENTER  OF  THE  SPAN,  BEAM  OE  g. 
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STRAIN  (UIN/IN)  STRAIN  (UIN^IN) 


TENSILE  STRAIN  IN  LONGITUDINAL  REINFORCING  STEEL 
COMPRESSIVE  STRAIN  IN  LONGITUDINAL  REINFORCING  STEEL 
COMPRESSIVE  STRAIN  IN  TOP  SURFACE  OF  CONCRETE 


FIGURE  O-IH.  STRAINS  AT  THE  CENTER  OF  THE  SPAN,  BEAM  HE  1. 


_  .TENSILE  STRAIN  IN  LONGITUDINAL  REINFORCING  STEEL 

-  ,  ,  ,  ,  r  T  T  r  -  COMPRESSIVE  STRAIN  IN  LONGITUDINAL  REINFORCING  STEEL 
COMPRESSIVE  STRAIN  IN  TOP  SURFACE  OF  CONCRETE 


FIGURE  0-15.  STRAINS  AT  THE  CENTER  OF  THE  SPAN,  BEAN  ME  8. 
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(Ni/'Nin)  Niuais  (ni/nih)  Niwaxs 


_  TENSILE  STRAIN  IN  LONGITUDINAL  REINFORCING  STEEL 

COMPRESSIVE  STRAIN  IN  LONGITUDINAL  REINFORCING  STEEL 
* ,  ,  COMPRESSIVE  STRAIN  IN  TOP  SURFACE  OF  CONCRETE 


FIGURE  O-IS  STRAINS  AT  THE  CENTER  OF  THE  SPAN,  BEAM  HE  3- 


TENSILE  STRAIN  IN  LONGITUDINAL  REINFORCING  STEEL 
COMPRESSIVE  STRAIN  IN  LONGITUDINAL  REINFORCING  STEEL 


0  1  S  3  M  5  6  7  8  9  10  11  12  13  IN 

TINE  (MSEC) 

FIGURE  0-17.  STRAINS  AT  THE  CENTER  OF  THE  SPAN,  BEAM  HE  5- 
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STRAIN  (UIN/IN)  STRAIN  tUlN^IN) 


sm 


_  .TENSILE  STRAIN  IN  LONGITUDINAL  REINFORCING  STEEL 

,,,,,,,,,  f  COMPRESSIVE  STRAIN  IN  LCNGITUOINAL  REINFORCING  STEEL 
COMPRESSIVE  STRAIN  IN  TOP  SURF ROE  OF  CONCRETE 


0  1  2  3  *♦  5  6  7  B  3  10  11  IS  13  14 

TIME  (MSEC) 

FIGURE  0-18-  STRAINS  AT  THE  CENTER  OF  THE  SPAN,  BEAN  HE  B- 


-  .TENSILE  STRAIN  IN  LONGITUDINAL  REINFORCING  STEEL 

—  - . .  ■  COMPRESSIVE  STRAIN  IN  LONGITUDINAL  REINFORCING  STEEL 

COMPRESSIVE  STRAIN  IN  TOP  SURFACE  OF  CONCRETE 


TIME  (MSEC) 

FIGURE  0-19.  STRAINS  AT  THE  CENTER  OF  THE  SPAN,  BEAM  HE  18 . 


STRAIN  (UIN/IN)  STRAIN  (UIN/IN) 


ai 


_  TENSILE  STRAIN  IN  LONGITUDINAL  REINFORCING  STEEL 

COMPRESSIVE  STRAIN  IN  LONGITUDINAL  REINFORCING  STEEL 
COMPRESSIVE  STRAIN  IN  TOP  SURFACE  OF  CONCRETE 


FIGURE  0-20.  STRAINS  AT  THE  CENTER  OF  THE  SPAN,  BEAM  OE  2- 


-  COMPRESSIVE  STRAIN  IN  TCP  SURFACE  OF  CONCRETE 

-  TENSILE  STRAIN  IN  STIRRUP  MSI 

.  .  .  TENSILE  STRAIN  IN  STIRRUP  WS2 

- . . *  .  TENSILE  STRAIN  IN  STIRRUP  WS3 

. .  .  . . .  TENSILE  STRAIN  IN  STIRRUP  WSH 


TINE  (MSEC) 

FIGURE  0-21 .  STRAINS  AT  THE  EAST  END  OF  BEAN  ME  1 
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STRAIN  (UIN/IN)  STRAIN  (UIN^IN) 


_  COMPRESSIVE  STRAIN  IN  TOP  SURFACE  OP  CONCRETE 

. .  .TENSILE  STRAIN  IN  STIRRUP  MSI 

r  -  TENSILE  STRAIN  IN  STIRRUP  USE 

TENSILE  STRAIN  IN  STIRRUP  US3 
♦♦♦♦♦♦♦«,♦  TENSILE  STRAIN  IN  STIRRUP  MS*» 


0  1  8  3  t  5  6  7  8  9  10  11  18  13  It 

TINE  (MSEC) 

FIGURE  0-88.  STRAINS  AT  THE  EAST  END  OF  BEAN  WE  8- 


_  COMPRESSIVE  STRAIN  IN  TOP  SURFACE  OF  CONCRETE 

_  TENSILE  STRAIN  IN  STIRRUP  WS1 

,,,,,,,,,,  TENSILE  STRAIN  IN  STIRRUP  WSE 
TENSILE  STRAIN  IN  STIRRUP  WS3 


TIME  (MSEC) 

FIOURE  0-83.  STRAINS  AT  THE  EAST  END  OF  BEAM  HE  3- 
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STRAIN  (UIN/IN)  STRAIN  (UIN-'IN) 


_  COMPRESSIVE  STRAIN  IN  TOP  SURFACE  OF  CONCRETE 

. .TENSILE  STRAIN  IN  STIRRUP  W51 

,,,,,,,,,,  TENSILE  STRAIN  IN  STIRRUP  WS2 

TENSILE  STRAIN  IN  STIRRU®  HS3 

, .  , . .  ,  (ENSILE  STRAIN  IN  STIRRUP  WSH 


TIME  (MSEC) 


FIGURE  D-2*t.  STRAINS  AT  THE  EAST  END  DF  BEAM  WE  5. 


_  COMPRESSIVE  STRAIN  IN  TOP  SURFACE  OF  CONCRETE 

. .  TENSILE  STRAIN  IN  STIRRUP  MSI 

TENSILE  STRAIN  IN  STIRRUP  WS2 
—  ^  TENSILE  STRAIN  IN  STIRRUP  WS3 


TIME  (MSEC) 


FIGURE  0-25.  STRAINS  AT  THE  EAST  ENO  OF  BEAM  WE  6 
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JCOHPRCSSIVE  STRAIN  IN  TOP  SURFACE  OF  CONCRETE 
TENSILE  STRAIN  IN  STIRRUP  MSI 
TENSILE  STRAIN  IN  STIRRUP  USE 

_ .  TENSILE  STRAIN  IN  STIRRUP  US3 

TENSILE  STRAIN  IN  STIRRUP  USH 


0  1  E  3  •»  S  6  7  8  9  10  11  IE  13  ! 

TINE  (NSEC) 

FIGURE  0-E6 ■  STRAINS  AT  THE  FAST  END  OF  BEAN  UE  10. 


NOTE-  THIS  BEAN  DID  NOT  HAVE  ANY  STIRRUPS  NEAR 
THE  CRITICAL  SECTION  AT  THE  EAST  END- 


0  1  G  3  N  5  S  7  8  9  10  11  IE  13  1 

TINC  (NSCC) 


FIGURE  0-S7.  COHPRESSIVE  STRAIN  IN  THE  TOP  SURFACE 
OF  THE  CONCRETE  AT  THE  ERST  END  OF  BEAN  OE  S. 


Deflection  ( in.  ) 


MD  Midspan  deflection 
TS  Tensile  strain  in  tension  steel 
WS  Tensile  strain  in  stirrup 


legend 

C  Compressive  strain  in  concrete  at  remote  fiber 
CS  Compressive  strain  in  compression  steel 
DC  Change  in  total  depth  at  critical  section 


Static  Overpressure  (psi) 


Figure  D-28.  Strain  and  deflection  versus  static  overpressure,  beam  WE7. 
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Ufltnd 

C  Compressive  strain  in  concrete  at  remote  fibar  MD  Midspan  deflection 

CS  Comp ressive  strain  in  comprassion  stool  TS  Tonsile  strain  in  tension  stool 

DC  Change  in  total  depth  at  critical  section  WS  Tensile  strain  in  stirrup 


Deflection  ( in. ) 


Legend 

C  Compressive  strain  in  concrete  at  remote  fiber  MD  Midspan  deflection 

CS  Compressive  strain  in  compression  steel  TS  Tensile  strain  in  tension  steel 

DC  Change  in  total  depth  at  critical  section  WS  Tensile  strain  in  stirrup 


Figure  D-SO.  Strain  and  deflection  versus  static  overpressure,  beam  WE9. 
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Deflection  (in. ) 


legend 


C  Compressive  strain  in  concrete  at  remote  fiber  MD  Midspan  deflection 

CS  Compressive  strain  in  compression  steel  TS  Tensile  strain  in  tension  steel 

DC  Change  in  total  depth  at  critical  section  WS  Tensile  strain  in  stirrup 


Static  Overpressure  (psi) 


Figure  d-31.  Strain  and  deflection  versus  static  overpressure,  beam  WE10. 
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Legend 


C  Compressive  strain  in  concrete  at  remote  fiber  MD  Midspan  deflection 

CS  Compressive  strain  in  compression  steel  TS  Tensile  strain  in  tension  steel 

DC  Change  in  total  depth  at  critical  section  WS  Tensile  strain  in  stirrup 


3 


0 


Static  Overpressure  (psi) 


Figure  D-32.  Strain  and  deflection  versus  static  overpressure,  beam  WKU. 
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Total  Depth  (in. )  Deflection  (in. 


MD  Midspan  deflection 
TS  Tensile  strain  in  tension  steel 
WS  Tensile  strain  in  stirrup 


legend 

C  Compressive  strain  in  concrete  at  remote  fiber 
CS  Compressive  strain  in  compression  steel 
DC  Change  in  total  depth  at  critical  section 


c 


Static  Overpressure  (psi) 


0.3 


0.2 


0.1 


0 


Static  Overpressure  (psi) 


Figure  D-33.  Strain  and  deflection  versus  static  overpressure,  beam  OE3. 
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